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ABSTRACT 
Tropical forests play a substantial role in the global carbon (C) cycle and are projected to 
experience significant environmental change, highlighting the importance of understanding the 
factors that control C and N cycling in this biome.  Yet interactions between biogeochemical and 
abiotic variables, notably species diversity and precipitation, remain poorly resolved in the 
tropics. In a wet lowland tropical forest in southwest Costa Rica I examined how: i) biologically 
generated chemical diversity affected soil C mineralization; ii) abiotic and chemical factors 
control litter decomposition; and iii) potential changes in precipitation and labile C inputs may 
alter nitrous oxide (N2O) emissions. 
I investigated how inter-specific chemical variation in soluble dissolved organic matter 
(DOM) affected heterotrophic soil respiration in a series of laboratory incubations. Following 
DOM additions, soil respiration rates varied by as much as an order of magnitude; largely driven 
by variation in the C: phosphorus (P) ratio of DOM. These results suggest that tropical tree 
species composition may influence soil C storage and mineralization via variation in plant litter 
chemistry. 
Subsequently, I assessed how variation in precipitation and litter chemistry affect rates of leaf 
litter decay.  Despite exceptionally high rainfall, simulated throughfall reductions consistently 
slowed rates of litter decomposition. Overall, variation between species was greater than 
variation induced by throughfall reductions, and was best explained by initial litter solubility and 
lignin: P ratios.  These results support a model of litter decomposition where mass loss rates are 
iv 
positively correlated with rainfall, and reemphasize the importance of litter solubility and P 
availability in controlling decomposition rates. 
Finally, I examined how changes in precipitation and labile C availability may affect soil 
N2O production.  Experimentally reducing throughfall significantly increased emissions of N2O; 
at least part of this response was driven by an increase in the concentration of litter-to-soil inputs 
of dissolved organic C under the drier conditions, as well as a positive relationship between leaf 
litter inputs and soil N2O production. These results highlight the importance of understanding the 
potential direct effects of changing precipitation on soil biogeochemistry (e.g., altered soil redox 
conditions), and also the indirect effects resulting from interactions between hydrologic, C, and 
N cycles.
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CHAPTER 1: INTRODUCTION 
1.1 Diversity across tropical landscapes 
Tropical forests occupy 10% of Earth’s land surface (Mayaux et al. 2005) and house 
about half of global species richness (Myers et al. 2000).  One example of this astounding 
biodiversity is realized in density estimates of  > 100 tree species ha
-1 
(Losos and Leigh 2004).  
This taxonomic diversity generates considerable chemical diversity in tropical canopies 
(Townsend et al. 2007), which may have important implications for ecosystem processes 
(Hooper et al. 2005).  The complex biogeochemical diversity characteristic of tropical 
landscapes reflects complex interactions between biological communities and wide variation in 
geological history and climatic regime. At the landscape scale, tropical forests grow on soils of 
nearly every major order that can be tens to millions of years old. (Palm 2007).. Moreover, 
tropical forests are found across climate gradients that include 10-fold variation in precipitation 
(Schuur 2003). Broad gradients in these state factors (Jenny 1949) !parent material, soil age, 
and climate!regulate the interactions between the major biogeochemical cycles, such as carbon, 
nitrogen and phosphorous (C, N, and P, Walker and Syers 1976, Vitousek 2004). At local scales, 
they set the stage for plant-soil feedbacks to modify C and nutrient recycling at the ecosystem 
scale. Previous studies in temperate environments show that foliar nutrient content could drive 
variations in soil biogeochemistry and soil microbial processes at local scales (e.g. Schimel et al. 
1998; Bowman et al. 2004), although similar studies from species rich tropics forests are rare. In 
tropical systems, tremendous inter-specific variation in leaf litter solubility (Allison and Vitousek 
2004) and chemistry (Burghouts et al. 1998) suggest that tree species may regulate both the 
production and fate of C and nutrients fluxes into soils at local to regional scales. 
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1.2 Climate change in tropical forests 
Global climate models predict significant changes in precipitation patterns over the 
biome in upcoming decades (Meehl et al. 2007).  Recent droughts across the tropics reveal that 
tropical rainforests are surprisingly sensitive to moderate shifts in rainfall on short timescales 
(Phillips et al. 2010). This is hallmarked by the impact of severe droughts across the Amazon 
Basin in 2005 and 2010, which turn the Basin from a C-sink to a C-source (Townsend et al. 
2002; Phillips et al. 2008). This example highlights our need to better understand and predict the 
effects of climate change on tropical forest C balance.  Much of our understanding of how 
tropical forests may respond to these projected changes comes from natural gradient studies and 
a few manipulation experiments. Most notably, the Maui precipitation gradient (e.g. Schuur et al. 
2001; Houlton et al. 2007) offers important insight into the role of precipitation in ecosystem 
function, but this montane gradient may not accurately represent biogeochemical responses of 
lowland systems to changes in precipitation.  Experimental precipitation manipulations are 
uncommon in tropical forests, and only one has occurred in wet tropical forests that receives > 
2500 mm mean annual precipitation (MAP, but see Chapters 3 and 4 and references therein). I 
conducted a throughfall manipulation experiment to simulate the projected declines in rainfall for 
Central America to explore climate-induced changes in ecosystem biogeochemistry.  
1.3 Interactions between climate and species composition 
In recent months numerous publications have examined the effect of natural and 
experimental droughts in the Amazon (summarized in Meir and Woodward 2010), and generally 
report drought induced declines in C storage and increases tree mortality in multiple sites across 
the Amazon Basin (de Costa et al. 2010; Phillips et al. 2009).  Notably, Phillips and others 
(2010) document disproportionately higher mortality of larger, low wood density trees in the 
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Amazon; suggesting repeated drought events may result in a shift in the functional species 
composition of Amazonian forests (also see Fisher et al. 2010).  While the applicability of these 
findings to other sites likely depends on specific species assemblages and their environmental 
plasticity and / or tolerance to environmental change, these results bring together major themes 
in my research interests presented in this dissertation.  Thus, my dissertation examines 1) how 
local, taxonomically driven biogeochemical diversity affects ecosystem function, and 2) how soil 
processes in a lowland wet tropical forest are likely to respond to projected changes in 
precipitation.  
Specifically, in Chapter 2, I document biologically generated chemical diversity of DOM 
leached from the leaf litter of six different canopy tree species, and describe how this chemical 
diversity affects soil C mineralization in a series of laboratory incubations.  Building on these 
findings, in Chapter 3, I report the results from a leaf litter decomposition experiment that took 
place in conjunction with a throughfall manipulation at my field site on the Osa Peninsula in 
southwest Costa Rica.  Finally, given the importance of DOM fluxes to surface soil processes, in 
Chapter 4, I describe how experimentally manipulating leaf litter and throughfall inputs affects 
soil N2O emissions.    
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CHAPTER 2:  TROPICAL TREE SPECIES COMPOSITION AFFECTS THE 
OXIDATION OF DISSOLVED ORGANIC MATTER FROM LITTER 
Wieder, WR, CC Cleveland, AR Townsend (2008). Biogeochemistry 88:127–138.   
2.1 Abstract 
Plant species effects on soil nutrient availability are relatively well documented, but the 
effects of species differences in litter chemistry on soil carbon cycling are less well understood, 
especially in the species-rich tropics.  In many wet tropical forest ecosystems, leaching of 
dissolved organic matter (DOM) from the litter layer accounts for a significant proportion of 
litter mass loss during decomposition.  Here I investigated how tree species differences in 
soluble dissolved organic C (DOC) and nutrients affected soil CO2 fluxes in laboratory 
incubations.  I leached DOM from freshly fallen litter of 6 canopy tree species collected from a 
tropical rain forest in Costa Rica and measured C-mineralization, and I found significant 
differences in litter solubility and nutrient availability.  Following leached DOM additions to 
soil, rates of heterotrophic respiration varied by as much as an order of magnitude between 
species, and overall differences in total soil CO2 efflux varied by more than four-fold.  Variation 
in the carbon: phosphorus ratio accounted for 51% of the variation in total CO2 flux between 
species. These results suggest that tropical tree species composition may influence soil C storage 
and mineralization via inter-specific variation in plant litter chemistry. 
2.2 Introduction 
Litter decomposition controls both the quantity and quality of carbon (C) and nutrients that 
enter soils, and therefore plays a major role in regulating C and nutrient cycling in terrestrial 
ecosystems.  Two distinct processes, direct mineralization to CO2 in the litter layer and leaching 
of dissolved organic matter (DOM), contribute to litter mass loss during litter decomposition. 
While the first pathway may dominate mass loss in many ecosystems, the second pathway – 
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DOM leaching – can be substantial in others (Neff and Asner 2001; Cleveland et al. 2006).  In 
any terrestrial ecosystem, the rates, sizes and timing of DOM fluxes are directly related to the 
solubility of the organic material being decomposed, and the solubility of plant litter shows 
considerable variability between species (Curry and Aber 1997; Neff and Asner 2001; Allison 
and Vitousek 2004; Cleveland et al. 2004).  In addition to litter solubility, however, high inputs 
of precipitation can also promote large fluxes of DOM from litter to the soil profile, and DOM 
leaching may represent a dominant avenue for litter mass loss in mesic ecosystems (Cleveland et 
al. 2006).  For example, in many tropical forests fine litterfall accounts for ~60% of aboveground 
net primary productivity (Clark et al. 2001) and rainfall is frequent and plentiful.  In these sites 
movement of litter-leached DOM represents important flux of C that fuels significant soil 
heterotrophic respiration and could account for a large proportion of annual soil CO2 fluxes 
(Townsend et al.1997; Cleveland et al. 2006; Cleveland et al. 2007).  
The potential to generate large quantities of DOM clearly exists in tropical rain forests, but 
the biodegradation of leached DOM is subject to a number of important controls.  These include 
climate, soil type, quality of organic matter, and soil microbial community dynamics 
(Meentemeyer 1978; Swift et al. 1979; Chapin et al. 2002).  Within a site, however, the quality 
of organic matter is the most important predictor of litter decomposition rates (Melillo et al. 
1982).  Similarly, while litter solubility and rainfall interact to promote high DOM production in 
tropical rain forests, the fate of leached DOM in soil also depends on DOM chemistry.  For 
example, heterotrophic organisms may quickly utilize labile, nutrient rich DOM (Zsolnay and 
Steindl 1991; Qualls and Haines 1991), while more refractory DOM compounds may resist 
microbial degradation.  Specific variations in the carbon chemistry (i.e., quality) and nutrient 
content of leached DOM are important in regulating its biological decomposition. 
6 
Variations in the C chemistry of DOM not only affect its decomposability, but also regulate 
abiotic interactions in soil.  Charged DOM molecules may react to form physico-chemical 
complexes with soil particles, and this process may effectively remove otherwise biologically 
available DOM from the soil solution (Qualls and Haines 1992a; McDowell and Likens 1988).  
This "sorption" of DOM depends not only on soil properties (e.g., soil structure and soil texture; 
Kaiser and Guggenberger 2000; Kalbitz et al. 2000 and references therein), but also on the 
chemical composition of DOM.  Sorption reactions occur with both labile and refractory DOM.  
Labile polysaccharides from litter leachate may adsorb to soil particles, although weakly, and 
ultimately become mineralized by soil microbes (Dahm 1981), while hydrophobic, high 
molecular weight, or aromatic DOM may adsorb more strongly to soil minerals (Kalbitz et al. 
2000).  Thus, while long-term DOM sorption and soil organic matter stabilization may result 
primarily from the accumulation of recalcitrant, lignin-derived DOM onto soil mineral surfaces 
(Kaiser and Guggenberger 2000), sorption of more labile DOM may also ultimately influence the 
proportion of DOM that is respired or transported to deep soil via hydrological flowpaths and 
stabilized (McDowell and Wood 1984; McDowell and Likens 1988).  In any case, while the 
balance between microbial DOM decomposition versus abiotic DOM retention in soils remains 
unclear (Kalbitz et al. 2000), DOM chemistry has the potential to affect its ultimate fate in soil. 
DOM processing in soil is linked to its C chemistry, but nutrients delivered with DOM pulses 
also control its fate.  For example, species variations in litter C quality and nutrient availability 
are important in determining rates of decomposition in agricultural systems (Johnson et al. 2007) 
and in forest ecosystems (Hobbie et al. 2006).  Similarly, Cleveland and Townsend (2006) 
showed that the mineralization of leached DOM is linked to soil nutrient availability, and that 
higher soil CO2 losses occur when additions of DOM are combined with nutrient fertilizations.  
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While landscape-level processes control soil nutrient availability at large scales (Walker and 
Syers 1976), variations in plant foliar nutrient content could drive variations in soil 
biogeochemistry and soil microbial processes at small scales (Schimel et al. 1998; Bowman et al. 
2004).  For example, even within a common soil type, individual tree species in the tropics show 
tremendous variation in foliar nutrients (Townsend et al. 2007), and species-specific differences 
in litter solubility (Allison and Vitousek 2004) and chemistry (Burghouts et al. 1998) suggest 
that tree species may regulate fluxes of both C and nutrients into soils.  Species driven 
differences in DOM solubility, combined with the fact that variations in DOM chemistry can 
influence DOM processing in soil, suggest that canopy species composition may regulate soil 
processes, at least at local scales. 
Here, my objective was to assess the potential effects of plant species composition on 
biogeochemical processes in tropical rain forest soil using a series of laboratory incubation 
experiments.  Plant species diversity and composition play important roles in ecosystem function 
(Hooper and Vitousek 1997; McGrady-Steed et al. 1997; Chapin et al. 2000; Loreau et al. 2001; 
Heemsbergen et al. 2004).  However, field studies examining species affects on litter 
decomposition dynamics and soil C sequestration in tropical forests typically use plantation 
studies or other low diversity systems (Spain and Lefeuvre 1987; Bashkin and Binkley 1998; 
Vitousek 1998; Goma-Tchimbakala and Bernhard-Reversat 2006; Lemma et al. 2006), and thus 
provide only limited insight into the potential affects of canopy species composition on soil 
processes in species-rich forests.  My goal was to explore how species-specific differences in 
litter chemistry affect DOM quantity and quality – and how such differences regulate rates of C 
mineralization in soil – in a site where leaching of DOM is a dominant mass loss vector during 
litter decomposition.  Under these conditions high species diversity may combine with 
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significant inter-specific variation in foliar chemistry and solubility to drive considerable spatial 
variation in soil C and nutrient cycling. I hypothesized that species-specific variations will 
regulate rates of microbial C mineralization through: 1) nutrient availability in the DOM, and 2) 
difference in C-quality. 
2.3 Methods 
2.3.1 Site description and field sampling  
The research site is a diverse, mature, lowland tropical rainforest located on the Osa 
Peninsula in the Golfo Dulce Forest Reserve in southwest Costa Rica (8°43'N, 83°37'W).  
Annual temperature at the site is 26.5°C, and rainfall averages > 5,000 mm yr
 -1
.  A short dry 
season occurs between December and April, coinciding with high leaf senescence and maximum 
annual litterfall (Cleveland et al. 2006).  Soils at the site have been classified as ultisols (for more 
detail see Bern et al. 2005; Cleveland et al. 2006; Cleveland and Townsend 2006). 
 Recently senesced litter from six canopy tree species [Brosimum utile (Moraceae), Caryocar 
costaricense (Caryocaraceae), Manilikara staminodella (Sapotaceae), Qualea paraensis 
(Vochysiaceae), Schizolobium parahyba (Fabaceae/Caes.), and Symphonia globulifera 
(Clusiaceae)] was collected from under at least four individuals of each species in June 2006 and 
bulked by species.  At the same time, I collected one 5 " 10 cm soil core directly beneath the 
crowns of eight individual trees of each species (i.e., within a 2 m radius of the tree trunk).  
Within 72 h of collection, samples were transported in a cooler to the laboratory at the University 
of Colorado, and field moist soil samples were sieved to 4 mm to remove rocks and organic 
debris.  Approximately 25 g of field moist soil from each species-specific soil sample was bulked 
to form a single, composite soil sample, and homogenized for immediate use in sorption 
experiments and DOC decomposition incubations. Sub-samples of all individual soils and 
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composite soil samples were dried at 105°C for 72 h to determine field moist water content. 
Remaining soils were stored at 5°C until use.  Leaf litter was air-dried and total litter P was 
extracted using sulfuric acid/hydrogen peroxide digest; extracts were analyzed colorimetrically 
on an Alpkem autoanalyzer (OI Analytical, College Station, TX). 
2.3.2 DOM extraction and chemical characterization 
DOM from each species was extracted by leaching 25 g of air-dried, species-specific litter in 
500 ml of de-ionized water for 24 h at 25°C.  Following extraction, leachate was prefiltered 
through a 0.5-mm-mesh sieve and sterile filtered using Gelman A/E glass fiber filters (Cleveland 
et al. 2004a).  DOC and total dissolved nitrogen (TDN) content of the leached DOM were 
measured using a high temperature combustion total carbon and nitrogen analyzer (Shimadzu 
TOCvcpn, Kyoto, Japan).  I measured the pH of leachate samples and sub-samples of from each 
species were diluted with deionized water (DI) to standard DOC concentrations of 250 mg C l
-1
 
(used in soil decomposition incubations) and 100 mg C l
-1
 (used in sorption isotherms); the 
remainder of the leached DOC was frozen for further analyses and incubations.  To assess the P 
content of leached DOM, 5 ml of undiluted DOM was digested with potassium persulfate and 
sulfuric acid (Tiessen and Moir 1993), and extracts were analyzed on an Alpkem autoanalyzer.  
Finally, to measure DOM aromaticity (McKnight et al. 1997), I measured UV absorbance at 280 
nm on DOM samples diluted to 2 mg C l
-1
 with an Agilent 8453 UV spectrophotometer (Agilent 
Technologies, Santa Clara, CA).   
2.3.3 Soil Sorption Isotherms 
I conducted 2 h sorption isotherm experiments following the Initial Mass (IM) method using 
DOM leached from species-specific litter on bulked soil samples as outlined by Nodvin and 
others (1986).  Briefly, solutions of 0, 10, 25, 50, and 100 mg C l
-1 
were added to two sub-
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samples of bulked soil in a 10:1 ratio of solution to soils and shaken continuously at 150 rpm at 
5°C for 2 h.  Samples were centrifuged and filtered through pre-combusted glass fiber filters to 
obtain a sample solution to be measured for TOC.  For each species I plotted the concentration of 
DOC added g
-1
 (dry weight) of soil against the DOC absorbed.  The slope (m) of the linear 
regression RE = mXi - b gives the sorption affinity coefficient of the DOM to the soil (Kaiser et 
al. 2001). 
2.3.4 DOM Decomposition Experiments 
I assessed the effects of species-specific differences in DOM chemistry on DOC sorption and 
decomposition by conducting three separate decomposition incubations.  First, I added DOM to 
soil samples to assess how chemical differences in species-specific DOM affect the overall fate 
of that DOM in soil (i.e., net DOM losses through both physical sorption and biological 
decomposition processes).  I standardized concentrations of DOC added to each treatment to 
minimize concentration effects on DOC mineralization (Zsolnay 2003) and to avoid excessive 
microbial growth (Hongve et al. 2000).  In soil treatments, 7 ml of 250 mg C l
-1
 DOM was added 
to 25 g of field moist soil in 1 L glass vessels jars (N = 5 replicates per species).  Samples were 
incubated in the dark at 23°C and DOC decomposition was determined by sampling CO2 
concentrations in the vessel head spaces at regular intervals.  The CO2 concentration was 
measured with a GC-14A gas chromatograph equipped with a thermal conductivity detector 
(Shimadzu Corporation, Kyoto, Japan).   After each sampling, incubation vessels were purged 
with room air.  Mean background soil respiration was determined from five control samples (25 
g soil and 7 ml DI).  I concluded sampling after 34 d, when CO2 fluxes from control samples 
were greater than 75% of samples receiving DOM.  
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To assess the effects of variation in DOM on biological decomposition (absent the influence 
of sorption) I conducted two additional DOM incubations using liquid media.  First, to assess the 
overall effects of DOM variation on decomposition rates, 70 ml of 20 mg C l
-1
 DOM was added 
to 125 ml flasks and inoculated with 1 ml of a water diluted (10
-3
) soil sample (Kalbitz et al. 
2003; Cleveland et al. 2004a).  Flasks were sealed and incubated in the dark at 23
°
C while 
continuously shaken on an orbital shaker.  DOC mineralization was sampled and calculated as 
previously described for soil treatments, although terminated 21 d after inoculation.  Similarly, to 
separate the effects of DOM nutrient versus C-chemistry between species, a parallel liquid 
incubation was conducted in which the C:N:P ratio was adjusted to 100:10:1 (mass basis) in the 
liquid + nutrient treatments by adding NH4NO3 and K2HPO4 (Don and Kalbitz 2005). 
2.3.5 Data Analysis  
I calculated total net C mineralization in DOM-amended samples by multiplying average 
rates of C-efflux at each sampling interval by time and subtracting total C mineralization values 
from the control samples.  The ratio of total net C mineralization to the total C added provided 
percent C mineralization.  Differences between rates and percent C fluxes in the incubations 
were tested using one-way ANOVA and differences between species were determined using 
Tukey’s B post hoc test (SPSS, Chicago, IL).  Relationships between DOM chemical 
characteristics and respiration were determined with linear regressions.  Differences between 
DOM soil sorption coefficients were determined by analysis of covariance (ANCOVA, Zar 
1999).  The effects of nutrient additions to liquid incubations were analyzed with ANOVA.  All 
results are reported as significant when P < 0.05.   
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2.4 Results 
2.4.1 DOM Solubility and Chemistry  
A single leaching event elicited a more than eight-fold difference in soluble DOC fluxes from 
litter from the six tree species.  DOC fluxes ranged from 0.5% of dry litter mass (Brosimum; 5.46 
mg C g
-1
) to 4.4% of dry biomass (Caryocar; 44.31 mg C g-1, Table 2.1).  TDN and dissolved 
organic P (DOP) concentrations in the leachate also varied widely between species; TDN values 
ranged from 0.10 mg N g
-1
 in Brosimum to 1.31 mg N g-1 in Caryocar, and DOP varied by more 
than a factor of 30 between species (Table 2.1). Consequently, nutrient availability in DOM 
leached from the six species also varied greatly (Table 2.1).  When adjusted for C solubility, 
litter P was an exceptionally strong predictor for DOP (P < 0.001, R2 = 0.967).   
Table 2.1 Initial DOM characterization following leaching of 25 g leaves in 500 ml of water. 
 
Similarly, measures of C chemistry varied significantly between species.  Soil sorption 
coefficients (m) for DOM leached from different tree species in 2 h sorption isotherms and were 
significantly different (analysis of covariance F = 4.65, P < 0.002); ranging from 0.247 
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(Schizolobium) to 0.362 (Manilkara) and fit the isotherm model well (R2 ! 0.92).  UV 
absorbance (SUVA280) of DOM leached from different species also varied greatly, with values 
between 0.56 (Schizolobium) and 2.33 (Caryocar, see Table 2.1). 
2.4.2 Soil incubation experiment: Species-specific effects on DOM decomposition 
Rates of CO2 efflux from soil incubations were significantly different between species at all 
sampling times through 360 h after DOM additions (one-way ANOVA, P < 0.02, Fig. 2.1). Rates 
of CO2 flux were greatest in the first days following DOM additions and decreased by an order 
of magnitude after 3 d.  For example, initial (28 h) CO2 respiration rates ranged from 55.48 ± 
0.65 "gCO2-C h
-1
 (Qualea) to 65.40 ± 1.39 "gCO2-C h
-1
 (Schizolobium).  After 360 h soil 
respiration rates ranged from 26.62 ± 0.86 "gCO2-C h
-1
 (Qualea) to 29.42 ± 0.83 "gCO2-C h
-1
 
(Schizolobium). Three weeks after DOM additions, between-species differences in soil 
respiration rates were no longer significantly different from one another, or background rates of 
soil respiration (one-way ANOVA, P = 0.39).  
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Figure 2.1. Mean DOC mineralization rates ("gCO2-C h
-1
 +/- SE) for soils (a, b), liquid DOM (c, 
d), and liquid DOM + nutrient incubations (e, f) after 28 h (open bars) and 360 h (shaded bars).  
Significant differences between species denoted by lower case letters (Tukey’s B, # < 0.05). 
 
Species-driven differences in soil respiration rates were also strongly correlated with total C 
respired over the course of the soil incubation (one-way ANOVA, P < 0.01; Fig. 2.2).  Twenty-
eight h after the soil incubations began, samples receiving Schizolobium DOM had respired 
nearly half of the DOC added and significantly more CO2 than any other species (one-way 
ANOVA, P < 0.001; Tukey’s B, # < 0.05).  Similarly, 360 h after inoculation soils receiving 
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Schizolobium DOM respired significantly more CO2 (141.6% ± 27.6 of initial DOC added) than 
soils receiving DOM leached from either Qualea (50.6% ± 18.8) or Manilkara litter (63.7% ± 
10.1; one-way ANOVA, P = 0.009; Tukey’s B, # < 0.05). 
Figure 2.2. DOC mineralized for each species throughout the soil incubation experiment.  Values 
represent mean % DOC mineralized. 
 
2.4.3 Liquid incubation experiment: Carbon and nutrient effects on DOM decomposition 
While CO2 fluxes were considerably lower in liquid and liquid + nutrient treatments, I 
observed the same relationship between species; generally Caryocar, Manilkara, and Qualea had 
low rates of respiration while Symphonia and Schizolobium had significantly higher rates of 
respiration (Fig. 2.1; Tukey’s B, # < 0.05).  Trends in total species DOC mineralization observed 
in soil incubations were consistent in liquid incubations as well.  Total CO2 fluxes were 
significantly different between all species 28 h following liquid inoculations (one-way ANOVA, 
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P < 0.001; Tukey’s B, # < 0.05).  Similarly, 360 h after inoculation significantly more 
Schizolobium and Symphonia DOC was mineralized than all other species (48.2% ± 1.0, 49.1% ± 
0.6 respectively).  Total CO2 fluxes were significantly different between all other species, with 
only 16.6% ± 0.9 of Qualea DOC mineralized (one-way ANOVA, P < 0.001; Tukey’s B, # < 
0.05).   
Experimentally removing nutrient differences between species significantly altered cross-
species patterns of C mineralization. Nutrient additions to liquid incubations caused dramatic 
increases in to total CO2 fluxes in some species, notably Qualea and Manilkara.  Total C fluxes 
after 360 h ranged from 26.9% ± 0.5 (Caryocar) to 48% ± 1.7 of initial DOC added 
(Schizolobium and Manilkara, one-way ANOVA, P < 0.001; Tukey’s B, # < 0.05).  When 
comparing effects of species and treatments (liquid DOM and DOM + nutrients) after 360 h I 
observed significant differences in total DOC mineralized based on species, treatment, and an 
interaction between species and treatments (two-way ANOVA, P < 0.001). 
2.5 Discussion   
In this experiment, I investigated how tropical tree species composition could drive spatial 
variation in soil C dynamics.  I focused on two potential mechanisms that could elicit this effect: 
1) the quantity of C delivered to soil (driven by differences in plant litter solubility); and 2) the 
decomposability of soluble C (driven by differences in plant litter chemistry). After a single 
experimental leaching, I observed a more than 8-fold difference in DOC concentrations, and a 
more than 30-fold difference in DOP concentrations between species (Table 2.1). In many 
temperate ecosystems seasonal pulses of DOM are thought to represent a transient phenomena 
(see Neff and Asner 2001 and references therein).  In contrast, at my field site litter 
decomposition occurs extremely rapidly and litter solubility remains high throughout all stages 
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of litter decomposition (Cleveland et al. 2006), although seasonal differences in DOM leached 
from the litter layer are not considered here.  In the field, peak soil CO2 fluxes occur at times 
when DOM pulses are highest (i.e., the wet-to-dry season transition; Cleveland et al. 2006).  
Between-species differences in the quantity of litter-leached DOM leached indicate that 
between-species differences in litter solubility alone may exert significant control over the timing 
and quantity of DOM delivered to the soil profile.  Such differences suggest that species 
composition may strongly regulate rates of soil respiration (and possibly other important soil 
biogeochemical processes), at least at small scales.   
Not only do species vary with respect to DOM quantity, but DOM quality.  After adding 
standardized concentrations of species-specific DOC to soils, I observed ten-fold variations in 
rates of CO2 efflux and three-fold differences in total C-mineralization from soils receiving 
DOM leached from different species (Figs. 2.1, 2.2).  Notably, Schizolobium DOM exhibited a 
priming effect on soils, respiring more than 160% of C added over the course of the three-week 
incubation, whereas only 51% of Qualea DOM was mineralized over the same time period. 
These data suggest that chemical variation of DOM leached from different plant species could 
have important effects on the processing and ultimate fate of that DOM, as well as on more labile 
soil C pools.  Plant litter chemistry could affect soil processing of DOM in two ways: 1) via 
differences in the proportion of DOM that is susceptible to physical sorption onto soil particles; 
or 2) via differences in the decomposability of DOM leached from different species. 
Physical sorption has important consequences for soil nutrient availability and soil organic C 
(SOC) dynamics (Neff and Asner 2001; Schwendenmann and Veldkamp 2005; Jimenez and Lal 
2006).  I observed an inverse relationship between DOM sorption coefficients (m) and total CO2 
fluxes throughout the incubation (28 h P < 0.001, R2 = 0.51; 360 h P = 0.001; R2 = 0.343).  
18 
Sorption removes DOM from the soil solution almost immediately (Qualls and Haines 1992b).  
After 2 h, 25-35% of DOM added to sorption isotherms sorbed to soil particles (Table 2.1).  By 
comparison, only 16-29% of DOC was mineralized 6 h into the incubation, but 25-45% of DOC 
was mineralized after 28 h (Fig. 2.2).  Sorption processes may effectively remove DOC from 
biologically accessible pools and contribute to long-term soil C storage, especially at depth in 
tropical soils (Schwendenmann and Veldkamp 2005).  My data suggest that species differences 
may influence soil C dynamics through differential sorption interactions with soil particles.   
Models of DOC dynamics in temperate forests indicate that sorption plays an important role 
in regulating DOC losses from terrestrial systems, but that microbial decomposition of DOC is 
also important in regulating CO2 fluxes from surface soils (Neff and Asner 2001).  Moreover, 
biotic processing of leached DOC may be more important in tropical soils, where high annual 
temperatures allow substantial microbial activity throughout the year, thus promoting lower rates 
of C sequestration (Lal 2002).  Biological decomposition of leached DOC may also depend on 
the availability of nutrients, especially N and P, to fuel rapid microbial growth (Kalbitz et al. 
2000; Marschner and Kalbitz 2003).  Widespread P-limitation is assumed for large areas of 
lowland tropical forests that grow on highly weathered Oxisols and Ultisols (Walker and Syers 
1976; Vitousek 1984; Reich and Oleksyn 2004), and previous in situ measurements of soil 
respiration showed that both N and P additions drove substantial CO2 losses from my study site, 
but that P fertilization had a greater net effect on heterotrophic respiration (Cleveland and 
Townsend 2006).   
In the present study, the nutrient content of leached DOM varied widely between species 
(Table 2.1), and rates of soil respiration were strongly related to the nutrient content of the added 
DOM (Table 2.2).  Specifically, the P concentration of leached DOM was positively related to 
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the total CO2 respired over the course of the soil incubation in all treatments; soils receiving 
species specific DOM with lower C:P ratios had higher CO2 efflux throughout the incubation (P 
# 0.001, 28 h R2 = 0.41, 360 h R2 = 0.34, Table 2.2).  In general, CO2 fluxes from soil samples 
receiving species DOM with C:P < 250:1 represented nearly 100% of the added DOC, whereas 
samples receiving DOM with C:P > 250:1 respired less than 65% of initial DOC over the same 
time period (Fig. 2.2). Typically, soil microbial communities are thought to be C limited (Lynch 
1982), but these data suggest an interesting hypothesis: species delivering DOM with greater P 
availability lessen a key nutrient constraint (Cleveland et al. 2002; Marschner and Kalbitz 2003), 
thus promoting rapid mineralization of relatively abundant, labile DOC and SOC. 
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Table 2.2 Linear regression table of total %DOC mineralized after 28 h and 360 h incubation vs. 
initial C:N, C:P, and UV absorbance values for all treatments. 
   
My liquid incubations support this hypothesis.  Between species differences in DOC 
mineralization rates were even more pronounced than in the soil incubation, but they generally 
followed trends seen with soils (Figs. 2.1c, 2.1d).  Total C-mineralization in liquid incubations 
was inversely related with initial C:P and C:N ratios throughout the incubation (Table 2.2).  
Within 1 d of inoculation (when labile C is most available and CO2 fluxes reached their 
maximum) rates of CO2 flux in liquid media were strongly constrained by P availability (P < 
0.001, R
2
 = 0.64), further suggesting that between-species differences in the nutrient content of 
leached DOM are critical in regulating rates microbial DOM decomposition.  While evidence for 
P-limitation could be an unintended consequence of the liquid inoculum treatment where 
microbial growth may be necessary before DOC mineralization (e.g. Marschner and Kalbitz 
2003), the consistency of data from liquid and soil incubations, along with other field data (e.g. 
Cleveland and Townsend 2006) strongly suggest nutrient limitation over DOC mineralization.   
To assess the overall importance of nutrients on DOC mineralization, I calculated a nutrient 
response ratio by dividing total DOC mineralized after 360 h for each species in the DOM + 
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nutrient addition treatment by the total CO2 flux in the liquid DOM treatment.  I observed a 
significant relationship between nutrient response ratios and species’ initial C:P ratios, best 
explained by a quadratic relationship (P < 0.03, R2 = 0.91; Fig. 2.3).  I did not observe a 
relationship between response ratios and initial C:N ratios (P > 0.14).  Nutrient additions 
released P limitation in species with initial DOM-C:P ratios greater than 250:1 (Fig. 2.3).  
Cleveland and others (2004b) reported microbial C:P > 200:1 during the rainy season at my site.  
Results from this study suggest that microbes rapidly mineralized labile DOC leached from 
species delivering relatively P-rich DOM, whereas P limitation constrained mineralization of 
labile DOC in samples receiving P-poor DOM.  Elsewhere, exotic plant species have been shown 
to drive changes in ecosystem processes like litter decomposition and nutrient cycling by altering 
N and P availability in litter fall (e.g. Ehrenfeld et al. 2001; Rothstein et al. 2004; Hughes and 
Denslow 2005).  Within many natural communities across the tropics, foliar N:P ratios in canopy 
trees exhibit substantial variation, even between species growing on the same soils (Townsend et 
al. 2007).  My results suggest that wide inter-specific variation in litter nutrient availability, 
especially P, controls DOC mineralization, and that soil CO2 fluxes may be strongly influenced 
by above ground tree species composition.  
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Figure 2.3 Nutrient response ratios (calculated by dividing total DOC mineralization after 360 h 
from liquid DOM + nutrient incubations by total DOC mineralization from liquid DOM 
incubations for each species) vs. initial DOM C:P ratio (n = 5 for each species in each treatment).  
When fertilization has no affect on total DOC mineralization the response ratio = 1.  The 
relationship between nutrient response ratios and initial C:P is best explained by a quadratic 
formula (P = 0.003).  Microbial C:P > 200:1 during the rainy season at my site (Cleveland et al. 
2004b). 
 
Finally, while species-specific differences in DOM nutrient content clearly regulate DOM 
decomposition rates, variations in DOC chemistry between species also appear important.  UV 
absorbance predicts the aromaticity of DOC and is a simple tool useful in predicting DOC 
biodegradability (McKnight et al. 1997; Kalbitz et al. 2003; Don and Kalbitz 2005). For 
example, DOM rich in phenolics leached from freshly fallen litter will have high UV absorbance 
and inhibit microbial enzyme activity and metabolism (Hättenschwiler and Vitousek 2000).  I 
did not observe a significant relationship between UV absorbance and CO2 efflux in either soil or 
liquid incubations (Table 2.2); although at the end of the liquid incubation rates of CO2 flux were 
negatively correlated with this measure of C-chemistry (360 h P = 0.001, R2 = 0.32).  This 
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suggests that more DOC was mineralized from species with less aromatic DOM, but that 
sorption and nutrient availability likely exert stronger control over heterotrophic respiration.  
Subsequent liquid + nutrient incubations removed effects of both sorption and nutrient limitation. 
Species’ variation in UV absorbance explained a significant amount of total CO2 flux (P < 0.001, 
R
2
 > 0.70 after 360 h incubation). Other studies report similar findings, with lower 
biodegradability of more aromatic DOC (e.g. Kalbitz et al. 2003; Marschner and Kalbitz 2003; 
Don and Kalbitz 2005).  Chemical differences in DOM leached from different species likely 
influence microbial C availability through physical sorption and biological accessibility.  
2.5.1 Conceptual Model 
Based on these data, I propose a conceptual model that depicts potential species effects on 
the fate of litter-leached DOM (Fig. 2.4).  Variations in species litter chemistry and solubility 
directly influence the quantity and quality of DOM delivered to the soil profile.  DOC leached 
into the soil can be physically sorbed to soil particles, microbially mineralized into CO2, or 
remain unaltered in the soil; my conceptual model only considers physical and biotic processes 
that transform DOC.  The C chemistry of DOM leached from different species’ litter exerts 
strong influence over both physical sorption through chemical interactions with clay particles, 
and microbial decomposition by chemically determining the biodegradability of DOM.  
Nutrients available in DOM, especially P, help determine the rate and extent of labile C 
mineralization.  Thus, nutrient availability and UV absorbance of DOM may determine whether 
labile DOC undergoes rapid decomposition, is stabilized in soils, or is leached from terrestrial 
systems. 
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Figure 2.4 Conceptual model showing the combined effects of DOM nutrient content and 
aromaticity on CO2 flux from soils.  In this study I demonstrate that inter-specific variation in 
litter chemistry influences DOM quantity and chemistry; this variability determines the fate of 
DOC via physical sorption and microbial decomposition. 
 
Species driven differences in DOM processing could strongly affect overall soil C dynamics.  
In species-rich tropical forests, variations in the sorption or biodegradability of leached DOM 
may drive small-scale variability in net soil C storage, net C losses from terrestrial to aquatic 
ecosystems, or both. For example, litterfall is an important source of both C and P inputs to soil 
in lowland tropical systems (Burghouts et al. 1998; Campo et al. 2001), and P additions drive 
substantial C losses from tropical soils (Cleveland and Townsend 2006).  My data suggest that 
inter-specific variation in litter chemistry and litterfall, demonstrated here and elsewhere (Goma-
Tchimbakala and Bernhard-Reversat 2006; Hobbie et al. 2006; Townsend et al. 2007), may lead 
to highly heterogeneous soil C and nutrient distribution at small spatial scales (Burghouts et al. 
1998; John et al. 2007).  However, data from Powers and others (2004) contradict this 
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hypothesis, indicating that further research is needed to determine the influence of above ground 
species composition on soil processes and C-dynamics, especially under field conditions.  
These results highlight the potential importance of species composition in regulating 
terrestrial C-cycling in tropical forests (Bunker et al. 2005).  Selective logging operations in the 
Brazilian Amazon meet or exceed rates of deforestation (Asner et al. 2005a, 2006), resulting in a 
net loss of goods and services provided by the ecosystem, including C-sequestration (Foley et al. 
2007).  Results from this study indicate that shifts in above ground species composition may also 
drive changes in below ground C cycling.  For example, removing species that deliver more 
recalcitrant, nutrient-poor forms of DOM to the soil profile may decrease overall soil C-storage. 
Such species-level effects may be especially pronounced at larger scales in the context of 
plantation forestry; here, overall carbon storage in tropical plantations may depend not only on 
aboveground dynamics, but also on the foliar DOM properties of the species being grown.  
Finally, I note that while extrapolating species-level effects to larger scales in highly diverse 
tropical ecosystems can seem daunting, relationships between foliar chemical properties and 
effects such as those reported here provide some hope.  For example, the strong relationship 
between bulk foliar P and DOP availability suggests that knowledge of foliar chemistry, which is 
increasingly possible at high resolution over larger areas via new remote sensing methods (Asner 
et al. 2005b), may allow predictions of species-level influences on soil biogeochemistry even at 
regional scales. 
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CHAPTER 3:  CONTROLS OVER LEAF LITTER DECOMPOSITION IN WET 
TROPICAL FORESTS 
Wieder, WR, CC Cleveland, AR Townsend (2009). Ecology 90: 3333–334 
3.1 Abstract 
Tropical forests play a substantial role in the global carbon (C) cycle and are projected to 
experience significant changes in climate, highlighting the importance of understanding the 
factors that control organic matter decomposition in this biome.  In the tropics, high temperature 
and rainfall lead to some of the highest rates of litter decomposition on earth, and given the near-
optimal abiotic conditions, litter quality likely exerts disproportionate control over litter 
decomposition.  Yet, interactions between litter quality and abiotic variables, most notably 
precipitation, remain poorly resolved, especially for the wetter end of the tropical forest biome. I 
assessed the importance of variation in litter chemistry and precipitation in a lowland tropical 
rain forest in southwest Costa Rica that receives >5,000 mm of precipitation per year, using litter 
from 11 different canopy tree species in conjunction with a throughfall manipulation experiment. 
In general, despite the exceptionally high rainfall in this forest, simulated throughfall reductions 
consistently suppressed rates of litter decomposition.  Overall, variation between species was 
greater than that induced by manipulating throughfall, and was best explained by initial litter 
solubility and lignin:P ratios.  Collectively, these results support a model of litter decomposition 
in which mass loss rates are positively correlated with rainfall up to very high rates of mean 
annual precipitation, and highlight the importance of phosphorus availability in controlling 
microbial processes in many lowland tropical forests. 
3.2 Introduction 
Litter decomposition is a fundamental ecosystem process, and a rich history of research 
shows that climate and litter chemistry strongly control rates of litter decay (Meentemeyer 1978, 
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Swift et al. 1979, Melillo et al. 1982, Hobbie 1996, Adair et al. 2008).  Across multiple 
ecosystem types, temperature, indices of water availability, and measures of litter quality—such 
as nitrogen (N) availability, lignin content, or lignin: N ratios—are useful for predicting rates of 
mass loss (Vitousek et al. 1994, Aerts 1997, Potter and Klooster 1997, Gholz et al. 2000).  
Recent syntheses even suggest a remarkable global consistency in the predominant controls over 
decomposition, leading to the sense that litter decomposition is one key ecosystem process that is 
well understood (Gholz et al. 2000, Parton et al. 2007).   
Nonetheless, there is reason to believe that relationships observed in many ecosystems may 
not hold in extremely wet tropical forests, where the interplay of climate and litter chemistry in 
controlling litter decomposition remains poorly understood (Cleveland et al. 2006).  For 
example, studies at multiple scales have shown that increasing temperature and precipitation 
frequently correlate with accelerated rates of litter decomposition (Wieder and Wright 1995, 
Austin and Vitousek 2000, Gholtz et al. 2000).  Yet, many lowland tropical forests experience 
little or no diurnal or seasonal temperature variation, while precipitation frequently exceeds 
levels that maximize forest productivity (i.e. Schuur 2003).  However, the effects of precipitation 
on decomposition in sites that occupy the high end of the tropical precipitation spectrum (i.e., > 
2500mm yr
-1
) are under-represented in the literature.  Schuur (2001) suggested that mean annual 
precipitation (MAP) above this amount leads to episodic soil saturation that increases anoxia and 
slows decomposition.  In contrast, Cleveland et al. (2006) proposed that in very wet tropical 
forests, physical leaching of dissolved organic matter (DOM) may increase with precipitation, 
causing more rapid rates of mass loss as precipitation levels rise.  Though the potential 
importance of physical processes in controlling litter decomposition is still not widely 
recognized, leaching is an important component of some decomposition models, one which can 
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lessen nutrient limitation of litter decomposition, and which depends on the solubility of plant 
matter being decomposed (Currie and Aber 1997, Neff and Asner 2001, Allison and Vitousek 
2004).   
Climate is not the only factor that likely controls variation in DOM leaching in tropical 
forests.  This biome also exhibits extraordinary species diversity, leading to significant local- and 
regional-scale variation in leaf chemical traits that are likely to influence litter solubility and 
rates of decomposition (Scherer-Lorenzen et al. 2007, Cornwell et al. 2008, Townsend et al. 
2008, Wieder et al. 2008).  In addition, while indices of N availability are useful predictors of 
litter decomposition in multiple biomes (Gholz et al. 2000, Parton et al. 2007), N cycles in 
relative excess in much of the lowland tropics (Martinelli et al. 1999) but low soil P availability 
and high litter C: P ratios are common (Vitousek and Sanford 1986).  Thus, while both climate 
and litter chemistry likely regulate litter decomposition in tropical forests just as they do 
throughout the world, the mechanisms underlying that control may play out quite differently than 
in drier biomes.   
Understanding how climate – chemistry interactions regulate tropical forest litter 
decomposition is of particular interest because of the potential for large rainfall shifts that may 
influence rates of carbon (C) exchange and storage.  Lowland tropical rain forests have globally 
important effects on the terrestrial C-cycle (Dixon et al. 1994, Field et al. 1998), and fine 
litterfall accounts for approximately 60% of aboveground net primary productivity in this biome 
(ANPP, Clark et al. 2001).  Many climate change models predict strong changes in MAP over 
tropical latitudes, but the direction of these changes is both regionally dependent and often 
uncertain (Meehl et al. 2007).  The extent to which ecosystem C balance may be influenced by 
precipitation-mediated changes in decomposition also remains uncertain (Tian et al. 1998, 
29 
Schuur 2001, Saleska et al. 2003, Clark 2004). This statement is particularly true for the wettest 
portions of the tropical biome. 
In this study, I used natural variations in species litter chemistry - combined with a 
throughfall removal experiment to investigate the effects of litter quality and precipitation on 
litter decomposition in a lowland tropical rain forest. Manipulations of MAP have been 
conducted in tropical forests at the dry end of the evergreen forest precipitation spectrum (< 2500 
mm yr
-1
; e.g., Yavitt et al. 1993, Nepstad et al. 2002), but my aim was to explore the effects of 
precipitation in a site where MAP greatly exceeds the theoretical precipitation optimum 
hypothesized by Schuur (2001, 2003). My goals were to test the hypothesis that precipitation-
driven DOM fluxes are a significant litter mass loss vector (Cleveland et al. 2006), and to 
understand the relative effects of litter chemistry vs. throughfall on rates of litter decomposition.  
My initial hypothesis was that DOM leaching would be a major vector for litter mass loss, and 
hence reducing throughfall would likewise reduce rates of decomposition via declines in leached 
DOM.  Finally, I conducted this study in a site where P limitation of microbial processes is well 
documented (Cleveland et al. 2002, Cleveland and Townsend 2006, Reed et al. 2007, Wieder et 
al. 2008), and therefore hypothesized that litter P content might be an important control over 
rates of decomposition, especially in later stages of decomposition when I expected the relative 
importance of litter solubility and DOM leaching to decline.  
3.3 Methods 
3.3.1 Site description 
The research site is a diverse, mature, lowland tropical rainforest located on the Osa 
Peninsula in the Golfo Dulce Forest Reserve in southwest Costa Rica (8°43'N, 83°37'W).  The 
entire Osa Peninsula has ~750 species of canopy tree species (Quesada et al. 1997) and at my 
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study site estimated canopy tree diversity is 100-200 species/ha (Kappelle et al. 2003).  Mean 
annual temperature at the site is 26.5°C, and mean annual precipitation averages > 5,000 mm y
-1
.  
Precipitation averages > 500 mm m
-1
 from May-November and peak rainfall occurs between 
June and October (Cleveland and Townsend 2006).  A short dry season between December and 
April coincides with high leaf senescence and maximum annual litterfall (Cleveland et al. 2006).  
Soils at the site have been classified as Ultisols (for more detailed soil information see Bern et al. 
2005, Cleveland et al. 2006, Cleveland and Townsend 2006).  
3.3.2 Experimental design 
 To manipulate precipitation, I constructed throughfall exclosures.  Briefly, 5 cm diameter 
PVC pipes were cut longitudinally and mounted on 2.4 m " 2.4 m aluminum frames ~1m above 
the soil surface.  The PVC pipes acted as partial rain sheds, shielding 2 m " 2 m experimental 
plots from receiving full incoming throughfall.  PVC pipes were mounted at either 5 cm or 15 cm 
intervals to simulate 50% or 25% reductions in throughfall.  Twenty randomly assigned plots 
received 50% or 25% throughfall exclosures (N = 10 per treatments) and an additional ten plots 
served as experimental controls.  To document the amount of water passing through the litter 
layer, each plot was instrumented with a zero tension PVC lysimeter (10.5 " 50 cm) installed 
flush with the soil surface and below the litter layer.  Water intercepted from the litter layer was 
collected in plastic vessels and the volume was determined gravimetrically every four days. I 
also quantified precipitation with a rain gauge in a clearing ~400 m from the study site.  Plots 
were purposefully not trenched so that the throughfall manipulation would be concentrated on 
the litter-soil interface without significantly altering soil moisture or root biomass; data from the 
plots (not shown here) confirm no significant changes in these variables across the 
manipulations. 
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Recently senesced litter was collected from eleven canopy tree species (see Table 3.1, 
[Brosimum utile (Moraceae), Cecropia obtusifolia (Cecropiaceae), Ceiba pentandara 
(Bombacaceae), Huberodendron allenii (Bombacaceae), Hyeronima alchorneoides 
(Euphorbiaceae), Inga spp. (Fabaceae/Mim), Manilikara staminodella (Sapotaceae), Pouteria 
lecythidicarpa (Sapotaceae); Qualea paraensis (Vochysiaceae), Schizolobium parahyba 
(Fabaceae/Caes.), and Symphonia globulifera (Clusiaceae)]).  Individual species and bulk litter 
samples were collected between November 2006 and March 2007, air dried, and homogenized 
because my primary interest in species was to capture chemical and physical litter variation.  
Approximately 5 g of litter was sealed in 15 " 15 cm litterbags constructed with 1 mm mesh 
fiberglass screen. Additional litter samples were immediately returned to the laboratory, dried at 
60
o
C for 4 days, weighed to determine dry mass conversions, and analyzed for initial litter 
chemistry. 
Table 3.1. Decomposition constants (y
-1
) based on exponential (k, k2) and linear 
decomposition models (k1) 
 
In April 2007  (at the end of the dry season, and when forest floor litter mass is highest; 
Cleveland et al. 2006), a total of 1008 litterbags were placed on the surface of the standing litter 
layer in 6 of each of the throughfall manipulation and control plots. Bags were separated on 
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strands by at least 15 cm. Control plots received litterbags made from all eleven species and bulk 
litter.  Because of space limitation in treatment plots, 50% and 25% throughfall reduction plots 
received litterbags made from Brosimum, Manilikara, Qualea, Schizolobium, Symphonia, and 
bulk litter.  These species were chosen because I had more information regarding their initial 
litter chemistry (Wieder et al. 2008). Subsequently, litterbags were harvested after 28, 51, 93, 
135, 165, 200, and 230 d.  
3.3.3 Analytical methods 
Following collection, initial litter samples and decomposition bags were air dried in the field 
and returned to the laboratory at the University of Colorado.  After removing adhered debris with 
a dry brush, bags were dried at 60
o 
C for 4 days and reweighed to determine mass loss at each 
time interval.  Approximately 10 g of the initial oven dried litter samples were ground to a fine 
powder with Wiley Mill (40 mesh) used in subsequent chemical analyses.  Litter %C and %N 
were determined using a Carlo Erba EA 1110 elemental analyzer (CE Elantech, Lakewood, New 
Jersey, USA).  Litter P was assessed using a sulfuric acid/hydrogen peroxide digest and a 
colorimetric P analysis on an Alpkem autoanalyzer using the ammonium molybdate ascorbic 
acid method (Kuo 1996).  Litter solubility and C fractions of decomposing organic matter were 
determined using a plant fiber analyzer (Ankom Technology, Macedon, New York, USA).  
Briefly, initial litter samples were ground to a fine powder, sealed in filter bags, and digested in a 
dilute neutral detergent at 100
o
C.  Following digestion, filter bags were dried and reweighed to 
determine soluble cell mass loss (Hobbie and Gough 2004).  Subsequent digestions in acid 
detergent and sulfuric acid were used to calculate hemi-cellulose and bound proteins, cellulose, 
and lignin and “other recalcitrants” fractions.  
33 
Because grinding leaves changes their physical state, I also performed solubility experiments 
on intact leaves. Cold water solubility was determined by placing ~5 g of air dried litter into 
sealed flasks with 200 ml of DI water and shaking the solution at 150 rmp at room temperature. 
Initial solubility was determined after 2 h when 15 ml of the DOM was removed, filtered, and 
analyzed for total C using high temperature combustion (Shimaduzu TOCvcpn, Kyoto, Japan).  
Total solubility was determined after 24 h when the solution was similarly decanted, filtered, and 
analyzed.  Initial and total solubility are reported as mg C/g oven dried litter.   
3.3.4 Statistical analyses 
Annual decomposition rates (k values) were determined by species and throughfall treatment.  
Mass loss data were analyzed using the negative exponential decay model of Olson (1963): 
y = 100e-kt 
Where k is the fraction of mass remaining at a specific time t (years).  Similarly, I calculated 
initial decomposition constant (k1) for each species and throughfall treatment using only litter 
mass values from 0—50 d using a linear decomposition model, and secondary decomposition 
constant (k2) using values from 50—230 d using an exponential decay model.  Time points for k1 
were chosen because I observe significantly higher DOC fluxes out of the litter layer during the 
first 7-8 weeks of the rainy season (unpublished data) and because of better fit to decomposition 
models.  To normalize species-effects in the throughfall treatment, I calculated species-specific 
response ratios by dividing mean treatment decomposition constants by control decomposition 
constants. 
Total throughfall measured in all plots and differences between species’ decomposition 
constants were compared using 1-way analysis of variance (ANOVA, SPSS, Chicago, IL, USA).  
Two-way ANOVA was also used to determine the effect of the throughfall treatment, species, 
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and their interactions on litter decomposition rates.  I used stepwise multiple linear regressions 
with backwards elimination to determine how well variation in litter chemistry predicted 
observed decomposition constants (Hobbie et al. 2006).  These results guided subsequent simple 
linear regressions using individual litter characteristics to predict k1 and k2 values and response 
ratios. 
3.4 Results 
3.4.1 Litter decomposition experiment 
Exponential decay curves for the entire decomposition experiment (0—230 d) described the 
data well (in all plots mean R2 = 0.92, range R2 0.72—0.99).  Mass loss rates in all litterbags 
were rapid, but highly variable between species (Fig. 3.1).  For example, mass loss of 
Schizolobium litter was > 50% in < 100 d and 85% in < 200 d, while mass loss of Hyeronima 
litter was < 50% after 230 days of decomposition.  Corresponding decomposition constants (k) 
for decomposing litter from 11 individual species varied by nearly a factor of 4 (Table 3.1) and 
were significantly different from each other (F = 64.33, P < 0.001).  Similarly, initial litter 
decomposition rates (0—50 d, k1, mean R
2
 = 0.97, range R2 = 0.70—1) and secondary litter 
decomposition constants (50—230 d, k2 mean R
2
 = 0.88, range R2 = 0.53—1) also showed 
significant different between species (k1 F = 17.98, P < 0.001; k2 F = 27.39, P < 0.001).   
I observed substantial between-species variation in initial litter chemistry (Table 3.2).  For 
example, among all species, initial P varied by a factor of 12, initial lignin: P ratios varied by 
more than a factor of 8, and initial litter solubility varied by more than a factor of 5.  I screened 
independent variables for significant autocorrelation (r > 0.80) and omitted leaf lignin from 
analyses because of tight correlation with cell soluble fraction (r = -0.88, P < 0.01).  Total litter 
N and litter P were omitted from regression analyses because of tight correlation with one 
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another and with other parameters (e.g. C: N and C: P; lignin: N and lignin: P, r > 0.80, P < 
0.01).  Finally, litter C: N and lignin: N were analyzed in separate regressions from C:P and 
lignin: P because of strong autocorrelation (r > 0.80, P < 0.01).    
Figure 3.1.  Decomposition curves from control plots for all time points showing the mean litter 
mass remaining ± 1 SE for species selected to show the range of decomposition rates.  
Decomposition constants (k) calculated using an exponential decay model fit data with R2 values 
ranging from 0.87—0.97. 
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     I conducted stepwise multiple linear regressions with backwards elimination to examine the 
relationship between litter chemistry and decomposition rates; initial litter solubility (P = 0.04) 
and initial lignin: P (P = 0.02) were the best predictors of observed decomposition rates (model 
R2 = 0.72, P = 0.003, Fig. 3.2a).  In similar regressions using C: N and lignin: N as predictors 
(instead of autocorrelates C: P and lignin: P), initial litter C: N (P = 0.01) and initial % cellulose 
(P = 0.03) predicted observed k values (model R2 = 0.66, P = 0.008).  Initial litter solubility was 
the best single predictor for observed k1 values (R
2
 = 0.60, P = 0.003, Fig. 3.2b).  Initial lignin: P 
was the best single predictor for observed k2 values (R
2
 = 0.64, P = 0.002, Fig. 3.2c); lignin: N 
also accounted for a significant amount of the variation in k2 (R
2
 = 0.57, P = 0.004, Fig. 3.2d).  
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Figure 3.2.  Regression analyses of factors affecting litter decomposition: a; Observed vs 
predicted k values from multiple linear regression with backwards elimination using litter 
solubility and lignin:P as predictors.  b; Initial litter solubility was the best predictor for initial 
decomposition rates (k1).  c, d; Lignin:P and lignin:N both predicted secondary decomposition 
rates (k2)     
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3.4.2 Throughfall manipulation 
 Rainout shelters significantly reduced the amount of throughfall reaching the forest floor.  
Total throughfall in the manipulation plots was significantly lower than in the control plots, and 
the 25% and 50% manipulations were also significantly different from each other (F = 45.46, P < 
0.001, Fig. 3.3).  A rain gauge located in an adjacent, clearing recorded 4540 mm of precipitation 
over the 230 days of litter decomposition, while control plots received 4490 ± 212 mm 
throughfall (mean ± 1 SE) over the same time period.  Plots with 25% throughfall exclosures 
received 3160 ± 140 mm and 50% plots received 2190 ± 154 mm of throughfall, representing a 
30% and 51% reduction in actual throughfall, respectively. 
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Figure 3.3.  Total throughfall reaching the soil surface in control (dark bars), 25% (grey bars), 
and 50% plots (white bars) collected from lysimeters at the soil surface over the course of the 
decomposition experiment. Values represent mean ± 1 SE. 
 
Reducing throughfall led to significantly lower rates of litter mass loss at all stages of 
decomposition, but I observed no significant treatment-species interaction (Table 3.3).  Mean 
litter turnover time, the estimated time to 95% decomposition, increased from 1.64 y in control 
plots to 1.99 y and 2.06 y in plots receiving 25% and 50% reduction in throughfall, respectively.  
Decomposition constants for all species from both throughfall manipulations were significantly 
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lower than control k values (Tukey HSD, P < 0.001), but 25% and 50% throughfall 
decomposition rates were not different from one another, P = 0.62).  Initial litter decomposition 
constants from the 50% plots were significantly lower than control plots (P = 0.04), but k1 values 
from 25% plots were not statistically different from either control or 50% plots (P > 0.42).  
Finally, k2 values from both 25% and 50% reduction plots were significantly lower than controls 
(P $ 0.001), but not significantly different from each other (P = 0.61). To normalize species 
effects in the throughfall manipulation, I calculated response ratios for all decomposition 
constants by dividing mean k-values from treatment plots by control k-values (Fig. 3.4).  
Reducing throughfall to 3300 or 2200 mm led to declines in litter decomposition rates of 
approximately 20%.  
Table 3.3. 2-way ANOVA for precipitation treatment and species-effects on litter decomposition.     
 
 
 
  k   
 
  k1    
 
  k2   
Source of variation df F   P   F   P   F   P 
Treatment 2 23.41 
 
<0.001 
 
6.072 
 
<0.001 
 
7.58 
 
0.001 
Species 5 210.3 
 
<0.001 
 
73.06 
 
0.004 
 
43.73 
 
<0.001 
Treatment * species 10 1.42 
 
0.18 
 
0.73 
 
0.694 
 
1.83 
 
0.07 
             Significant effects at P < 0.05 are in bold, those at P < 0.10 are in italics. 
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Figure 3.4.  Response ratio of litter decomposition to 25% and 50% reduction in throughfall 
calculated by dividing mean treatment by mean control decomposition rate constant.  Reducing 
throughfall significantly slowed all stages of decomposition (ANOVA, P < 0.005).  Asterisks 
indicate treatments with significant differences from control decomposition rates (Tukey’s B 
post hoc test, P < 0.05).   
 
 
3.5 Discussion 
As has been observed in many tropical forests, litter decomposition occurs very rapidly in 
this warm, wet ecosystem.  The average decomposition rate for all species in this study was still 
faster than all but 2 (out of 52) observed k values reported from tropical and temperate sites in 
the Long-term Intersite Decomposition Experiment (LIDET, Gholz et al. 2000).  Moreover, the 
litter used in this experiment was of much lower quality than that used in the LIDET study, (e.g., 
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average lignin: N of all species > 5x higher in the present study).  My reported k-values are high, 
but comparable to those from other tropical ecosystems (reviewed in Aerts 1997).  Cleveland and 
others (2006) reported much higher k-values from the same site, but for litter with much higher 
quality than was used in the present study. 
I also observed a nearly 4-fold variation in decomposition rates between species (Fig. 3.1, 
Table 3.1) that correlated with chemical and physical differences in litter quality.  Similarly, 
large differences in decomposition rates among co-occurring species appear globally, and are 
related to green leaf economics (Cornwell et al. 2008).  Litter decomposition requires a variety 
of enzymes from multiple microbes to access a diverse suite of C-rich, but nutrient poor, organic 
substrates.  Thus, in a variety of ecosystems, rates of litter decomposition are positively related to 
initial litter nutrient availability (N and P), and negatively related to initial litter lignin (Melillo et 
al. 1982, Aerts 1997, Hobbie and Vitousek 2000).  In this study, these same metrics of litter 
quality were predictive of litter decomposition rates, especially at latter stages.   
Climate is the most important regulator of litter decomposition (Aerts 1997, Gholz et al. 
2000); but when climate conditions maximize potential decomposition, litter quality controls are 
enhanced, and my results suggest that P is an important component of litter quality in the tropics.  
I propose a 2-stage model of litter decomposition (Swift et al. 1979, Loranger et al. 2002, Xu 
and Hirata 2005, and similar to the first two stages of the Adair et al. 2008 model) for wet 
tropical forests, in which initial litter solubility controls early rates of decomposition, and more 
standard metrics of litter quality (i.e., lignin: P) appear to control rates of secondary 
decomposition.  This model explains a significant amount of my observed variation in k-values 
(Fig. 3.2a, R2 = 0.72).  I stress that the variation in litter decomposition rates among neighboring 
species in this ecosystem was high.  Past work shows that a diversity of plant strategies to 
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balance tradeoffs between leaf productivity, longevity, and defense, tree growth, and nutrient 
acquisition translates into biogeochemical diversity that affects rates of litter decomposition at 
local and global scales (see Santiago 2007, Cornwell et al. 2008).   Such species effects are likely 
to be especially pronounced in tropical forests, where high species diversity leads to enormous 
local- and regional-scale variation in canopy chemistry (Townsend et al. 2008).   
One goal of this experiment was to test the hypothesis that high litter solubility - combined 
with high precipitation - drives significant mass loss through leaching of DOM from the litter 
layer in wet tropical forests (Cleveland et al. 2006).  My results suggest that species-specific 
initial litter solubility strongly regulates the initial rates of decomposition; among all species, 
litter mass loss ranged from < 8% to > 40% over the first 50 days of this experiment and initial 
litter solubility explains much of this variation (Fig. 3.2b).  Thus, pulses of soluble organic 
matter that reach surface soils – where they are an important driver of soil respiration and other 
biogeochemical processes (Cleveland and Townsend 2006, Wieder et al. 2008, Cleveland et al. 
in prep.) – appear to be strongly mediated by species-specific differences in litter chemistry.  
Neff and Asner (2001) noted that losses of DOM from the litter layer do not represent an 
immediate loss of carbon from the ecosystem.  Rather, leached C is transferred to soils, where 
past work in this site has shown that its residence time and likely fate are strongly determined by 
the P content of the DOM and/or the soil (Cleveland and Townsend 2006, Wieder et al. 2008). 
Thus, while physical leaching alleviates nutrient constraints on initial litter decomposition, 
subsequent biological processes needed to regenerate soluble C fractions and/or directly 
mineralize remaining leaf litter may be subject to stronger nutrient limitation.   
While measures of N availability are especially important in predicting rates of litter 
decomposition in temperate ecosystems (Parton et al. 2007), the apparent P controls over litter 
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decomposition in this study warrant discussion.  Lowland tropical forests growing on highly 
weathered soils are characterized by low soil P availability, high foliar and litter N: P ratios, and 
possible P-limitation of ANPP (Vitousek 1984, Vitousek and Farrington 1997, Reich and 
Oleksyn 2004).  Numerous lines of evidence demonstrate that P is an important regulator of soil 
processes at this site (Cleveland et al. 2002, Cleveland and Townsend 2007, Reed et al. 2007, 
Wieder et al. 2008). P-availability appears to control rates of litter decomposition here (Fig. 3.2c) 
and in other tropical sites (Aerts 1997, Hobbie and Vitousek 2000, Santiago 2007), although 
direct fertilization experiments do not necessarily confirm this conclusion (McGroddy et al. 
2004, Cleveland et al. 2006, Kaspari et al. 2008).   
Potential P-limitation of litter decomposition has important implications for nutrient 
availability, ecosystem productivity, and C-balance.  For example, slow decomposition of P-poor 
litter could exacerbate P-limitation (Hobbie 1992); alternately, rapid decomposition of high 
quality, P-rich, litter could relax P-limitation and maintain relatively high ANPP (Kitayama et al. 
2004).  At my site, soil respiration also increases with P-availability (Cleveland and Townsend 
2006) and species delivering P-rich DOM stimulate higher rates of soil respiration (Wieder et al. 
2008), thus dissolved phosphorus delivered during litter decomposition may have important 
implications for system C-balance.  Given the high heterogeneity of foliar P content in tropical 
forests (Townsend et al. 2007), P limitation of decomposition could exist from local (e.g. below 
individual tree canopies) to regional scales, influencing both plant productivity and heterotrophic 
soil respiration.  
A second goal of this experiment was to directly test how variation in throughfall affected 
litter decomposition.  I found that any reduction in precipitation slowed total decomposition (k) 
~20% (Fig. 3.4).  These findings contrast to those of Schuur (2001), who concluded that 
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increasing MAP above ~2500 mm slows decomposition by increasing periods of soil anoxia and 
slowing rates of microbial activity and nutrient mineralization.  Under this model, suppressed 
rates of nutrient turnover could create a negative feedback, whereby low soil nutrient availability 
leads to declines in litter quality and productivity in very wet sites (Schuur 2003).  Reduced soil 
O2 availability may indeed be important in some high precipitation forests (Silver et al. 1999).  I 
observe periods of soil anoxia at my site during the wettest month of year that have important 
implications for soil nutrient cycling, however, these anoxic periods occur when forest litter 
mass is at its annual minimum (Wieder et al. unpublished data), and likely have negligible 
effects on annual rates of litter decomposition.  Instead the physical effects of high precipitation 
and highly soluble leaf litter combined to promote high rates of decomposition that appeared to 
increase with throughfall inputs well above 2500 mm/y.   
Taken as a whole, my results suggest that widely used predictors of litter decomposition 
based on chemical quality are still useful in wetter tropical forests, and that these wet systems 
also require an understanding of litter solubility to best predict rates of decomposition.  Leaching 
of soluble DOM clearly represents an important control of litter decomposition at my site, and 
results from the precipitation manipulation suggest this conclusion may be broadly applicable to 
forests receiving > 2500 mm MAP, which includes a significant fraction of tropical forests (Zaks 
et al. 2007). Thus, litter decomposition driven via leaching of DOM may be an important, 
understudied characteristic of many tropical systems.   
Finally, my results also suggest that the wettest of lowland forests may sustain some of the 
highest rates of litter turnover on earth.  This implies that any reductions of MAP as a result of 
climate change would likely slow rates of decomposition, unless litter quality concurrently 
increased.  Yet, given the substantial importance of species-level traits in driving rates of litter 
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decomposition, any predictions of climate effects will need to account for possible changes in 
species composition and their associated effects on litter chemistry.  These data highlight the 
need for further research into interactions between climate, species composition, and litter 
quality to improve predictions of how litter decomposition and nutrient cycling may respond to 
rapid and ongoing human disturbances to the tropical biome. 
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CHAPTER 4: THROUGHFALL EXCLUSION AND LEAF LITTER MANIPULATION 
DRIVE HIGHER RATES OF SOIL N2O EMISSIONS FROM A LOWLAND WET 
TROPICAL FOREST.   
Wieder, WR, CC Cleveland, AR Townsend. In press Global Change Biology. 
4.1 Abstract 
Tropical forests are a significant global source of the greenhouse gas nitrous oxide (N2O).  
Predicted environmental changes for this biome highlight the need to understand how 
simultaneous changes in precipitation and labile carbon (C) availability may affect soil N2O 
production.  I conducted a throughfall and leaf litter manipulation in a lowland tropical forest in 
southwestern Costa Rica to test how potential changes in both water and labile C inputs to soils 
may alter N2O emissions.  Experimentally reducing throughfall in this wet tropical forest 
significantly increased soil emissions of N2O, and my data suggest that at least part of this 
response was driven by an increase in the concentration of litter-to-soil inputs of dissolved 
organic carbon [DOC] under the drier conditions.  The importance of C inputs was also reflected 
by a positive relationship between leaf litter inputs and soil N2O production. In addition, [DOC] 
was significantly correlated with N2O emissions across both throughfall and litterfall 
manipulation plots, despite the fact that native NO3
-
 levels in this site were generally low.  My 
results highlight the importance of understanding not only the potential direct effects of changing 
precipitation on soil biogeochemistry (e.g., via altered soil redox conditions), but also the 
indirect effects resulting from interactions between the hydrologic, C and N cycles.  Finally, over 
all sampling events I observed lower mean N2O emissions (< 1 ng N2O-N cm
-2
 h
-1
) than reported 
for many other lowland tropical forests, perhaps reflecting a more general pattern of increasing 
relative N constraints to biological activity as one moves from drier to wetter portions of the 
lowland tropical forest biome. 
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4.2 Introduction 
Human activities have greatly altered the global water, nitrogen (N) and carbon (C) cycles, 
and additional future changes are virtually certain (e.g., Hungate et al. 1997a; Hungate et al. 
2003; Schlesinger & Lichter 2001; Trenberth et al. 2007; Galloway et al. 2008).  In turn, human-
driven alterations of water, N, and C availability, either alone or in combination, are likely to 
affect soil emissions of nitrous oxide (N2O), a globally important greenhouse gas with a radiative 
forcing potential ~310 times greater than that of CO2 (Robertson 1989).  Global N2O budgets 
show that soils under natural vegetation, particularly in tropical latitudes, emit nearly as much 
N2O as all anthropogenic sources combined (Denman et al. 2007).  These observations highlight 
the need to resolve both rates of and controls over soil N2O fluxes in natural ecosystems, 
especially in tropical forests.  
In soils, N2O is an obligatory intermediate by-product of both nitrification and denitrification, 
with the latter typically providing the dominant source—especially in wet soils (Davidson et al. 
1986; Veldkamp et al. 1998; Wrage et al. 2005). Thus, N2O emissions are primarily controlled 
by the availability of oxygen (O2), nitrate (NO3
-
), and labile C (Robertson 1989). Denitrification 
requires anoxic conditions, thus water filled pore space (WFPS) – which strongly regulates O2 
diffusion rates in soils –can serve as a robust, first-order predictor of denitrification rates (e.g., 
Davidson 1991; Keller & Reiners 1994; Bouwman 1998; Davidson et al. 2000; Werner et al. 
2007).  When anoxic soil conditions do exist, NO3
-
 availability appears to exert primary control 
over N2O fluxes via denitrification, especially in N-poor systems (Robertson & Tiedje 1988; 
Matson & Vitousek 1990; Parsons et al. 1993, Phillips et al. 2001, Weitz et al. 2001, Barnard et 
al. 2005).  However, denitrification is also a heterotrophic process that requires electron donors 
in the form of reduced organic C molecules.  Thus, while fewer data exist to evaluate the 
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importance of labile C as a control over N2O emissions, the potential for C limitation to occur, 
especially in anoxic systems where N is relatively abundant (Nobre et al. 2001; Garcia-Montiel 
et al. 2003; Tiemann & Billings 2008), clearly exists.  Conditions that could promote high N2O 
fluxes with emissions strongly dependent on labile C can exist in agricultural settings (where N 
is often applied as fertilizer), but may also occur in a wide range of naturally C- and N-rich 
lowland tropical forests. 
While generalizations about nutrient cycling and limitation in the tropics as a whole should 
be approached with caution (e.g. Townsend et al. 2008; Hedin et al. 2009), multiple lines of 
evidence suggest that many lowland tropical rain forests appear to cycle N in relative excess 
(e.g., Vitousek 1984; Martinelli et al. 1999).  The tendency of such forests to have relatively 
large soil pools of NO3
-
, combined with warm, often wet conditions, results in some of the 
largest N2O emissions from any unmanaged ecosystem (Matson & Vitousek 1987; Vitousek & 
Matson 1988; Davidson et al. 2007).  As such, understanding the controls over tropical forest 
N2O fluxes is particularly important to predicting future atmospheric N2O concentrations.  
Making such predictions, however, is challenging because all of the major controls over soil 
emissions – including climate, N inputs and C availability – are likely to change markedly in the 
tropics over the next century (Hungate et al. 1997a; Hall & Matson 1999; Matson et al. 1999; 
Schlesinger & Lichter 2001; Malhi et al. 2009). 
For example, climate change models predict changes in precipitation over tropical latitudes—
with most models indicating decreases in precipitation for the Amazon Basin, Caribbean, and 
Central America (Cox et al. 2004, Neelin et al. 2006, Malhi et al. 2009). Although our 
understanding of how changes in precipitation may affect ecosystem processes in lowland 
tropical forests remains limited, changes in rainfall may not only alter the prevalence of low O2 
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conditions that favor denitrification, but also drive shifts in both C and N availability in soils 
through rainfall’s effects on processes such as decomposition, net primary production (NPP), 
biological N-fixation, and litter production (Wieder et al. 2009; Townsend et al. 2011).  
Accordingly, one might expect reduced rainfall in tropical forests would reduce N2O emissions 
by promoting relative increases in soil O2 concentrations, as observed following an experimental 
drought in the eastern Amazon Basin (Davidson et al. 2004).  However, the eastern Amazon lies 
at the dry end of the tropical rain forest precipitation spectrum (Schuur 2003), and given the links 
between water, O2 availability and N2O production, one might predict biogeochemical processes 
in wetter portions of the biome would respond much differently to a reduction in rainfall 
(Cleveland et al. 2010). 
Beyond climate, understanding how changes in soil C availability affect N2O emissions may 
be important to predicting how tropical forests will respond to other drivers of environmental 
change.  Increasing atmospheric carbon dioxide concentrations [CO2], for example, may enhance 
labile C availability in soils via increases in root exudates (Hungate et al. 1997a; Phillips et al. 
1998) and/or litterfall inputs (Schlesinger & Lichter 2001).  To date, direct experimental CO2 
manipulations have shown little effect on soil N2O emissions in some N-limited temperate 
ecosystems (Hungate et al. 1997b; Ambus et al. 1999; Billings et al. 2002; Mosier et al. 2002; 
Welzmiller et al. 2008), but similar data from experiments conducted in tropical forests are 
largely absent from the literature (Vasconcelos et al. 2004).  Taken as a whole, the importance of 
organic C availability in regulating N2O emissions from tropical forests remains poorly resolved, 
and results of direct tests of C availability range from no effect on N2O emissions  (Parsons et al. 
1993; Vasconcelos et al. 2004) to strongly positive effects (Nobre et al. 2001; Garcia-Montiel et 
al. 2003).  Increasing C availability increases rates of denitrification either directly, by 
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stimulating C-limited denitrifiers, or indirectly, by creating anoxic microsites favorable to 
denitrification through heterotrophic consumption of O2.  
Here, I used experimental manipulations of both throughfall and litterfall to surface soils to 
explore how precipitation, soil O2 availability, and labile C substrate availability may interact to 
control soil N2O emissions from a wet, lowland tropical forest in southwest Costa Rica.  I 
hypothesized that seasonal variability in precipitation would concurrently drive natural changes 
in soil redox conditions so that maximum N2O efflux would coincide with periods of heavy 
precipitation (and hence lower soil O2 concentrations).  As such, I also hypothesized that 
experimentally reducing precipitation (throughfall) would drive declines in N2O emissions via 
increased soil aeration.  Finally, I hypothesized that increased litterfall would stimulate N2O 
production by increasing delivery of dissolved organic matter (DOM) – a source of reduced, C-
rich organic matter to soil.   
4.3 Materials and methods 
4.3.1 Study site 
The experiment was conducted in a lowland tropical rain forest on the Osa Peninsula in the 
Golfo Dulce Forest Reserve (8° 43' N, 83° 37' W), southwest Costa Rica.  Soils at the site are 
classified as Ultisols (Berrange and Thorpe 1988), soil texture is clay (i.e., > 75% clay content; 
Cleveland et al. 2006), and surface soil (0-10 cm) bulk density is 0.7 g cm
-3
.  Rainfall averages 
approximately 5000 mm y
-1
 and average annual soil temperature is ~25° C. Between December 
and April (the dry season), litterfall and standing litter mass reach annual maxima and rainfall is 
typically < 100 mm month
-1
 (Cleveland & Townsend 2006; see Cleveland and others (2006) for 
more detailed soil physical and chemical characteristics).  
53 
4.3.2 Experimental design 
I constructed and deployed a set of replicated throughfall exclosures to manipulate 
precipitation and impose an experimental drought throughout the 2008 rainy season.  For each 
exclosure, 5 cm diameter polyvinylchloride (PVC) pipes were cut in half lengthwise and 
mounted at either 5 cm or 15 cm intervals (to simulate -50% or -25% reductions in total 
throughfall) on a 2.4 m " 2.4 m aluminum frame ~1 m above the soil surface.  The PVC pipes 
acted as partial rain sheds, preventing the experimental plots from receiving full incoming 
throughfall but also allowing ambient light to penetrate to the forest floor and air to circulate 
freely.  Twenty randomly assigned plots received either -50% or -25% throughfall treatments (n 
= 10 per treatment).  Control plots from the litter manipulation also served as experimental 
controls for the throughfall manipulation (also see Wieder et al. 2009).  
The throughfall exclosures included a 1 cm wire mesh immediately beneath the PVC gutters 
that excluded most natural litterfall from reaching the forest floor.  Therefore, at the beginning of 
the experiment all litter under throughfall exclosures was collected, homogenized, weighed, and 
equally distributed (750 g litter m
-2
) to each plot (to match standing litter mass on control plots).  
Subsequently, litter from an adjacent set of parallel 2.4 m " 2.4 m plots was weighed, divided 
into 20 equal portions (by mass) and placed under each of the exclosures at monthly intervals to 
normalize litter inputs.  This strategy had two purposes: first, to minimize experimental artifacts 
imposed by the exclosures on litterfall, and second, to standardize the amount of litter between 
the experimental plots thereby minimizing the chance that treatment responses were driven by 
factors other than throughfall.  
For the litter manipulation, I established ten blocks of three 3 m " 3 m plots in April 
2007.  Initially, all of the standing litter was removed from each block, homogenized, and 
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weighed.  I then redistributed litter so that two-thirds of the standing litter mass was placed on 
randomly assigned double litter input plots (2x), one-third of the standing litter mass was placed 
on control plots, and litter removal plots (0x) received no litter inputs (n = 10 per 
treatment).  Subsequently, at monthly intervals all fine litterfall was removed from 0x plots, 
weighed, pooled, and evenly distributed on the 2x plots.  Over two years of the litter 
manipulation (April 2007-March 2009) I removed 0.90 ± 0.05 kg m
-2
 y
-1
 of fine litter from litter 
removal plots (0x).  Accordingly, I estimate control plots received litter inputs totaling 0.90 ± 
0.05 kg m
-2
 y
-1
, while litter addition plots (2x), received fine litter inputs totaling 1.79 ± 0.11 kg 
m
-2
 y
-1
.    
Field manipulations were designed to examine the effects of throughfall and leaf litter inputs 
on the delivery of DOM to the soil surface, thus plots were not trenched (e.g., Davidson et al. 
2004). This design allowed us to concentrate on how DOM inputs to surface soils affected 
surface N2O production, and minimized any disturbance (via trenching) that could affect soil C 
or N cycling (Ngao et al. 2007).  Soil moisture (0-10 cm) and temperature (5 cm) in the 
throughfall manipulation plots were measured using an array of HOBO sensors deployed in the 
plots (Microdaq Inc., Contoocook, NH, USA), and precipitation was measured using a HOBO 
data logging rain gauge placed in a clearing ~400 m from the study plots.   
4.3.3 Soil characterization 
Soil O2 concentrations in the soil were assessed using a method modified from Silver et al. 
(1999).  Here, soil oxygen chambers were constructed from 5 cm " 12 cm PVC tubes that were 
capped at one end; a brass hose barb connected a 5 cm nylon tube closed with a stopcock 
allowed for air sampling.  In each experimental plot, soil O2 chambers were installed to ~9 cm in 
the soil and allowed to equilibrate for one week with the soil atmosphere.  Soil O2 concentrations 
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were measured weekly by extracting 50 ml of headspace from the chamber and flushing a 
specially designed 5 ml chamber surrounding a YSI 550A handheld dissolved O2 probe (YSI 
Incorporated, Yellow Springs, OH, USA).  Between measurements, the probe chamber 
headspace was flushed with 200-300 ml of atmospheric air to restore instrument readings to 
~100% of ambient O2 concentrations. 
To document the volume and concentration of DOC passing through the litter layer, each plot 
was instrumented with a zero tension lysimeter constructed by bisecting a 0.5 cm " 50 cm PVC 
pipe longitudinally and installed at the soil surface.  Lysimeters were filled with washed gravel 
(< 2.5 cm diameter) and covered with a 0.5 mm mesh nylon screen to exclude large debris.  
Throughfall captured in the lysimeters was drained to polyethylene collapsible carboys housed in 
opaque plastic buckets buried to the soil surface outside the experimental plots.  Throughfall/ 
DOC volume was determined gravimetrically every 3-4 d using a hanging scale (Intercomp Inc., 
Medina, Minnesota, USA), and a subsample from each lysimeter was collected and immediately 
frozen for subsequent DOC analyses.  Dissolved organic C was determined in all samples using a 
high temperature combustion total C analyzer (Shimadzu TOCvcpn, Kyoto, Japan; Cleveland et 
al. 2010). 
Surface soil samples were collected from all plots every 2 months using a hand soil corer (6 
cm " 10 cm).  Within 72 h of collection, soils were returned in a cooler on ice to the laboratory at 
the University of Colorado, to avoid artifacts incurred during long-term storage, and coarsely 
sieved (4 mm) to remove plant material.  Inorganic N (ammonium [NH4
+
] and nitrate [NO3
-
]) 
was determined in 40 ml of 2 M KCl solution (18 h extraction, as in Cleveland et al. 2006).  
Concurrently, rates of net N-mineralization and net nitrification were determined with a 2 M KCl 
extraction after a 25-day incubation of soils under aerobic conditions at 25
0 
C with soil moisture 
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maintained at field capacity (Hart et al. 1994). NH4
+
 and NO3
-
 in extracts were analyzed 
colorimetrically on an Alpkem autoanalyzer (OI Analytical, College Station, TX, USA).  
Subsamples of these soils were also used to determine gravimetric soil moisture from all plots at 
all sampling times.      
4.3.4 N2O emissions  
N2O emissions were measured at approximately monthly intervals for one complete rainy 
season (April 2008- January 2009). I did not monitor N2O emissions in the short dry season 
because prior test measurement in the region showed negligible fluxes during this time.  One 
week prior to initial gas sampling I installed bases for static chambers into each of the fifty 
experimental plots (n = 10 for each treatment: control, -50% throughfall, -25% throughfall, 0x 
litter, 2x litter).  Bases were constructed from 12 cm " 19.5 cm inner diameter (ID) PVC pipe 
inserted 7 cm deep into surface soils.  Static chambers were constructed by drilling brass 
bulkhead union fittings with 9.5 mm thermogreen septum into commercially available 21.3 cm 
ID PVC end caps, creating a 3.14 L headspace once installed.  This chamber design and its seal 
on the soil surface receive “good” ratings based on classification of non-flow-through, non-
steady-state chamber by Rochette and Eriksen-Hamel (2008).  Samples were taken during the 
morning (between 0800 and 1200 h) and no temperature differences were recorded between the 
chamber headspace and ambient atmosphere. 
Prior to flux measurements leaf litter was removed from inside the chamber bases and a 
small amount of silicon grease was applied to ensure a good seal between each base and static 
chamber.  During each sampling event, four 30 ml headspace samples were removed over 30 
minutes from each chamber, including a time zero sample.  Gas samples were stored in 20 ml 
serum vials with thick butyl rubber stoppers (Bellco Glass, Vineland NJ, USA), previously 
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purged with ultrahigh purity helium and evacuated prior to sample injection and storage.  Sample 
vials were over pressurized (~ 2 atm) and flown to the University of Colorado for analyses; 
pressurizing air samples for storage and transport allows for detection of leaky vials and avoids 
contaminating during analysis.  For each sampling event reference standards were similarly 
injected into sample vials and later analyzed to verify the integrity of transporting and storing 
samples as described above, and all samples were analyzed within 2 weeks of samples collection.  
This method of air sampling handling and storage has been shown to produce reliable results 
(Rochette & Eriksen-Hamel 2008).   
N2O concentrations in the samples were analyzed with a gas chromatograph equipped an 
electron capture detector (ECD) (Shimadzu Scientific Instruments, Columbia, MD, USA).  Oven 
temperature on the gas chromatograph was maintained at 70
o
C and gases were separated using a 
3 m long Porapak N column using ultra-high purity helium as the carrier gas and with N2 as the 
make-up gas for the ECD.  Rates of N2O efflux were calculated using a linear model of the 
change in headspace N2O concentration over time (dC/dt), using at least three of the four field 
samples.  I excluded samples which failed to hold their gas seal (i.e., were not over pressurized) 
or when their exclusion significantly improved the goodness of fit of the linear model—this 
resulted in exclusions of ~10% of all samples taken.  Non-linear models for N2O flux estimation 
were not considered here because my primary interest was to determine differences caused by 
the experimental manipulation (Venterea et al. 2009).  
4.3.5 Statistical analyses 
I used R ver. 2.10.1 (R Corporation, Vienna, Austria) to examine patterns in repeatedly 
measured variables.  Annual means for all variables were calculated by calculating average 
monthly values for each plot over the entire year and analyzed using linear mixed-effects models 
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with treatment as a fixed factor and plot as the random factor.  For N2O emissions this was done 
through a simple linear interpolation of observed fluxes at each of 8 sampling times from 
individual plots, which were multiplied to compare total N2O efflux from experimental 
treatments.  My aim here was not to scale up limited measurements of highly variable process 
into annual flux estimates, but to contextualize results from the experimental manipulations 
described above and to compare these findings with other similar studies. 
I examined seasonal shifts in soil conditions and N2O emissions using linear mixed-effects 
models with treatment and time as fixed factors, and plot as the random factor.  Correlations 
between monthly means of individual variables were made using Pearson's product moment 
correlation.  I used stepwise multiple linear regressions with backwards elimination to determine 
how well mean variation in soil conditions from each treatment at each time predicted observed 
N2O emissions.  For all analyses, quantile–quantile plots were used to assess the normality of 
residuals, and data were tested for homogeneity of variance with fitted versus residual plots.  In 
most cases I used log (ln) transformed data to meet the assumptions of parametric statistics.  
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4.4 Results 
4.4.1 Throughfall manipulation 
 The experimental throughfall manipulation was designed to reduce incoming throughfall 
reaching the soil surface by 25% and 50%.  Over the course of the experiment (April 2008-
January 2009) precipitation measured in a clearing near the experimental plots was 3740 mm, 
with heaviest precipitation from August through October (Fig. 4.1a).  Under the canopy, 
intercepted throughfall in control plots was 3555 ± 336 mm (mean ± SE).  Manipulated plots 
received significantly less throughfall (F = 12.4, P = 0.0002; 2611 ± 280 mm and 1583 ± 212 
mm in -25% and -50% plots, respectively), a 26% and 55% reduction in total throughfall (Fig. 
4.2a).  These intended reductions in the magnitude of throughfall reaching the litter layer, 
however, did not result in significant differences in volumetric soil moisture between treatments 
(F = 2.85, P = 0.10; Table 4.1); mean volumetric soil moisture across all treatments at all times 
was 0.28 ± 0.01 cm
3
 cm
-3
.  I observed significant seasonal variation in soil moisture (F = 52.4, P 
< 0.0001; Fig. 4.1b); however, in pair-wise comparisons, mean monthly soil moisture was not 
significantly different from May through December (P > 0.05), while over the same time period 
monthly precipitation varied by nearly a factor of 6 (Fig. 4.1a).  I observed a significant positive 
correlation between mean monthly soil moisture from all plots and monthly precipitation (P = 
0.004; r = 0.81). 
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Figure 4.1.  Total monthly (a) precipitation; and (b) volumetric soil moisture from all plots 
recorded over the experiment. Soil moisture values represent mean ± 1 SE.  Due to no significant 
treatment effect (P = 0.10), data from all experimental throughfall manipulation plots are pooled 
to show a single monthly mean. 
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Figure 4.2. Experimental treatment effects observed over the course of the 10 month field study 
for the: (a) throughfall manipulation—total intercepted throughfall (mm); and the (b) litter 
manipulation—total DOC inputs (kg C ha
-1
) to surface soils.  Values represent means ± 1 SE (N 
= 10 for all treatments. Significant differences between treatments are denoted with a * and *** 
for P < 0.05, and P < 0.001, respectively). 
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Table 4.1 ANOVA results from linear mixed effects model testing treatment and seasonal effects 
of experimental manipulations on soil variables measured over 10-month field study. 
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Mean annual soil O2 availability did not vary significantly between treatments (F = 0.09, P > 
0.9; Table 4.1, Fig. 4.3a).  As with soil moisture, I observed significant seasonal variation in soil 
O2 availability (F = 66.6, P < 0.0001).  During periods of low precipitation (e.g. April and 
January) the surface soil O2 concentrations were roughly equal to atmospheric O2 concentration; 
as precipitation increased through the wet season, soil O2 declined, reaching a minimum in 
November (14.8 ± 0.72 % O2).  In control plots, mean soil O2 concentrations were significantly 
negatively correlated with precipitation at time intervals from 1-31 days, but most strongly so 
with total precipitation over the four weeks prior to individual O2 sampling point (P < 0.0001; r 
= -0.83).  Similarly, I observed a significant negative correlation between mean monthly soil 
moisture and soil O2 availability (P < 0.0001; r = -0.92). 
The throughfall manipulations led to significant increases in the concentration of DOC 
([DOC]) delivered to the soil surface relative to the control plots (F = 13.7, P < 0.0001; Table 
4.1, Fig. 4.3b).  As expected, I observed significant seasonal variation in [DOC] fluxes (F = 61.6, 
P < 0.0001), with highest [DOC] observed early in the rainy season when standing litter mass 
was at its annual maximum.  Averaged over the entire year, the concentration of DOC inputs was 
more than 1.5 times higher in plots receiving a 25% reduction in throughfall and more than 2 
times higher in plots receiving a 50% reduction in throughfall when compared to control plots 
(Table 4.2, Fig. 4. 4a).   
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Figure 4.3. Mean (a) monthly soil O2 availability (%); (b) monthly [DOC] inputs (mg C L
-1
); and 
(c) N2O emissions, from a individual sampling events shown (ng N2O-N cm
-2
 h
-1
) from control 
plots (filled circle, solid line) throughfall manipulation (dashed lines; -50%, inverted triangle; -
25% filled triangle) and litter manipulation (solid lines; 2x, filled squares; 0x, open circles).  
Values represent means ± 1 SE. 
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Figure 4.4 Mean (a) [DOC] inputs (mg C L
-1
); and (b) N2O emissions (ng N2O-N cm
-2
 h
-1
) 
observed in all experimental manipulations and control plots. Values represent mean ± 1 SE. 
Treatment effects that are significantly different from controls are signified (* P < 0.05, ** P < 
0.01, *** P < 0.001). 
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Total DOC inputs to surface soils did not change as a result of the throughfall manipulation 
because decreases in throughfall volume were matched by concurrent increases in DOC 
concentration.  The total amount of DOC delivered to surface soils over the 10 month study in 
control plots was 116 ± 15.6 kg C ha
-1
, representing ~5% of annual fine litter fall over the same 
time period.  This was not significantly different from DOC inputs to plots receiving -25% or -
50% throughfall treatments (F = 0.86, P = 0.44; Table 4.1, Table 4.2).  In all plots, total DOC 
inputs were highest in May, with the start of consistent precipitation, and declined throughout the 
year as standing litter mass decreased. 
The throughfall manipulation had no significant effect on inorganic soil N concentrations, or 
on the net rate of N transformations (Table 4.1, Table 4.2).  Across all sampling points, NH4
+
 
concentration was 6.32 ± 0.62 mg NH4
+
-N kg soil
-1
 and varied seasonally, with significantly 
lower NH4
+
 concentration observed in September and January (F=19.5, P < 0.0001).  Mean soil 
NO3
-
 concentration observed across all sampling points was 5.46 ± 1.06 mg NO3
-
-N kg soil
-1
 and 
varied seasonally, with significantly lower NO3
-
 concentration observed when precipitation and 
soil moisture reached their maximum (in September and October; F=14.7, P < 0.0001).  Rates of 
net N-mineralization and net nitrification were 0.83 ± 0.13 and 1.01 ± 0.12 mg N kg
-1
 d
-1
, 
respectively.  Rates of net N transformation varied seasonally, with significantly higher rates of 
both net N-mineralization (F = 25.3, P < 0.0001) and net nitrification (F = 31.6, P < 0.0001) 
observed in June.  
I estimate that average N2O emissions were 0.87 ± 0.06 ng N2O-N cm
-2
 h
-1 
in control plots 
(Table 4.2).  Reducing throughfall significantly increased N2O emissions (F = 6.13, P = 0.006; 
Table 4.1, Fig. 4.3c), increasing mean rates of N2O efflux by 35% (Fig. 4.4b).  Across sampling 
events I observed significant variation of N2O emission rates (F = 22.4, P < 0.001), with 
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maximum rates corresponding with periods of maximum precipitation and minimum soil O2 
availability (Oct-Nov; Fig. 4.3).  
4.4.2 Litter manipulation 
The litter manipulation was designed to test the effects of C substrate availability on soil N2O 
emission and, therefore, was not instrumented with soil moisture probes to record continuous soil 
moisture data.  However, gravimetric soil moisture was recorded at regular intervals, and 
displayed a significant decrease at all time points in 0x plots; I observed significantly higher 
gravimetric soil moisture in 2x plots during September and October (F = 32.9, P < 0.0001; 
Tables 1, 2).  As in the throughfall manipulation, I did not observe a litter treatment effect on soil 
O2 availability (F= 0.47, P = 0.63), but I observed significant seasonal variation (F = 63.6, P < 
0.0001; Tables 1, 2, Fig. 4.3a).   
As intended, the litter manipulation significantly changed the concentration of DOC inputs (F 
= 26.3, P < 0.0001; Fig. 4. 3b).  Averaged over the entire study period, [DOC] was 53% and 
147% of control plots in 0x and 2x plots, respectively (Table 4.2); notably, reducing throughfall 
by 25% had roughly the same effect on [DOC] as doubling standing litter pools (Fig. 4.4a).  
Observed changes in [DOC] corresponded to a significant change in total DOC inputs to surface 
soils in the litter manipulation over the course of the experiment (F = 22.7, P < 0.0001; Fig. 4. 
2b).  Concurrently, I observed a significant seasonal effect on the concentration of DOC inputs 
(F = 70.3, P < 0.0001; Table 4.1)—again with the highest DOC concentrations coinciding with 
maximum standing litter mass early in the rainy season.  
The litter manipulation significantly changed soil inorganic N concentrations and net rates of 
N transformations.  Specifically, mean soil NH4
+
 concentration was significantly higher in 2x 
plots than control plots (F = 17.7, P < 0.0001; Tables 1, 2).  Mean soil NO3
-
 concentration was 
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significantly lower in both 2x and 0x plots than in control plots (F = 8.65, P = 0.001).  
Concurrently, mean rates of net nitrification in litter removal plots were significantly lower than 
in control plots (F = 33.4; P < 0.0001).  Over all sampling points I observed no significant litter 
treatment effects on rates of net N-mineralization (F = 2.53, P = 0.10; Table 4.1).   
The litter manipulation significantly changed N2O emissions (F = 20.2, P < 0.0001; Table 
4.1, Fig. 4.3c).  Compared to control plots, average rates of N2O efflux were -42% and +43% 
from 0x and 2x plots, respectively (Fig. 4.4b, Table 4.2).  Again, rates of N2O efflux showed 
significant seasonal variation (F = 19.1, P < 0.0001), with maximum rates of N2O efflux 
observed during periods of maximum precipitation and minimum soil O2 availability (Oct-Nov; 
Fig. 4.3).  
4.4.3 Modeling N2O production 
I conducted stepwise multiple linear regressions with backward elimination to examine the 
relationship between mean measured soil variables and observed mean N2O emissions across all 
treatments at all time points.  In this model soil O2 concentration (P < 0.0001) [DOC] (P < 
0.0001) were the best predictors of observed N2O fluxes (Adjusted R
2 
= 0.52, P < 0.0001; Fig. 
4.5).  
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Figure 4.5.  Observed vs. predicted N2O flux from multiple linear regression with backward 
elimination using O2 and [DOC] as predictors of ln transformed mean monthly data from all 
experimental treatments at all time points (P < 0.0001; R2 = 0.52).  
 
 
4.5 Discussion 
Initially, I hypothesized that throughfall reductions would decrease soil N2O efflux via 
improved O2 diffusion and soil aeration, as observed in previous precipitation manipulations in 
lowland moist tropical forests (Nepstad et al. 2002; Davidson et al. 2004; Vasconcelos et al. 
2004; Davidson et al. 2008).  Instead, reducing throughfall significantly increased N2O 
emissions from this tropical wet forest (Fig. 4.4b).   Although the throughfall manipulation did 
not significantly affect soil redox conditions or NO3
-
 availability (Table 4.1), it significantly 
increased the concentration of DOC reaching the soil surface (Fig. 4.4a).  Similarly, the litter 
manipulation significantly altered total DOC inputs.  Fluxes of dissolved organic matter (DOM) 
provide labile substrates to surface soils that, in turn, stimulate heterotrophic soil respiration 
(Cleveland et al. 2006; Wieder et al. 2008; Cleveland et al. 2010).  Other studies have also 
shown direct relationships between DOC inputs and both soil N2O emissions and denitrifier gene 
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abundance (Nobre et al. 2001; Garcia-Montiel et al. 2003; Bárta et al. 2010).  Here, I show via 
both the throughfall and litter manipulations that increases in [DOC] correlate with significant 
increases in soil N2O emissions (Fig. 4.4); monthly soil O2 availability and [DOC] inputs explain 
52% of the variation in observed N2O emissions from all treatments (Fig. 4.5).   
Seasonal variations in precipitation and soil O2 availability were strongly correlated with 
N2O production, with maximum N2O fluxes occurring during periods of heavy precipitation (and 
low soil O2; Fig. 4.3).  In many trace gas studies, soil moisture (or WFPS) serves as a proxy for 
soil redox conditions (Davidson et al. 2000) and reasonably predicts seasonal variation in N2O 
fluxes (e.g. Keller & Reiners 1994).  Here, I did not observe significant changes in soil moisture 
(and therefore WFPS) from May-November, however, precipitation and soil O2 data varied 
significantly over this time (Figs. 4.1, 4.3).  Thus, soil O2 data provided insight into seasonal 
changes in soil redox conditions that would not have been apparent in the soil moisture data 
alone (sensu Silver et al. 1999). The seasonal synchrony of precipitation, soil O2 availability, and 
N2O production suggests that as abiotic conditions become more conducive for denitrification, 
the importance of DOC availability in regulating ultimate rates increases. That is, at the onset of 
the rainy season, DOC concentrations were highest and declined across all treatments as the 
rainfall intensified, but N2O fluxes only rose substantially when soil O2 concentrations were at 
annual lows.  During this time, the impact of DOC availability on N2O production was clearly 
seen, with higher DOC concentrations in the 2x litter addition and throughfall manipulation plots 
driving higher N2O fluxes.  
The effect of DOC availability on N2O fluxes is noteworthy given some evidence from this 
site suggesting that N does not cycle in excess of biological demand. Previous research in 
tropical forests has established a general paradigm suggesting that N accumulates in excess of 
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biological demand, creating N-rich soil conditions with high rates inorganic N loss to both 
aquatic and atmospheric realms (Vitousek 1984; Martinelli et al. 1999; Hedin et al. 2003).  
However, in my site, extractable nitrate pools (Table 4.2) are notably lower than those reported 
for multiple other lowland forest sites (Vitousek & Matson 1988; Keller & Reiners 1994; 
Davidson et al. 2000; Davidson et al. 2007).  As well, past fertilization experiments at this site 
showed that root growth responded to N (but not P) additions (Cleveland and Townsend, 2006).  
Foliar 
15
N values, soil water and stream nitrate concentrations, and gross nitrification: gross N 
mineralization ratios are all also comparatively low for this site relative to other lowland regions 
(W. Wieder, P. Taylor, A. Townsend, unpublished data), supporting an emerging pattern that the 
wettest of lowland tropical forests display a more conservative N cycle than their drier 
counterparts (e.g. Nardoto et al. 2008).  Yet, while NO3
-
 availability is often presumed to exert 
dominant control over N2O production (Robertson & Tiedje 1988; Matson & Vitousek 1990), 
my results suggest that even in forests where NO3
-
 accumulation is limited, DOC availability 
may still be an important constraint on N2O production. 
My data also suggest that future changes in precipitation over tropical regions could affect 
N2O emissions in multiple ways.  For example, in My study, drier conditions caused an increase 
in N2O emissions.  A common explanation for this response might be an increase in the ratio of 
N2O: N2 production resulting from increased soil aeration (Davidson et al. 2004; Houlton et al. 
2006).  However, my experimental design purposefully avoided treatment-level differences in 
these variables (Table 4.1).  Instead, much of the increase in N2O flux was due to higher 
concentrations of litter-derived DOC that occurred under lower throughfall (Figs. 4.3, 4.5).  
However, under prolonged changes in precipitation that are driven by a changing climate, one 
would expect shifts in both soil oxygen conditions and in the delivery of soluble carbon.  The 
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latter will be a function of both the amount of water passing through the canopy, litter layer and 
surface soils, and the overall amount of C present under a new climate regime.  The combined 
litter and throughfall manipulations reported here (Figs. 4.3, 4.4; Table 4.2 illustrate the 
importance of both of these factors. 
Finally, data from my site and other lowland tropical forests suggest that N2O emissions from 
the wettest of forests are comparatively low.  To illustrate this point, I compared studies 
(including my own) reporting N2O emissions in moist (mean annual precipitation [MAP] 1000 – 
2500 mm y
-1
) and wet (MAP > 2500 mm y
-1
) lowland tropical forests (see Table 4.3 for 
additional details).  On average, moist forests produced significantly more N2O than wet forests 
(3.1 ±0.6 versus 1.8 ±0.7 ng N2O-N cm-2 h-1).  I recognize that such comparisons with other 
studies should be interpreted with caution given the limited temporal resolution of data collection 
and different sampling protocols between studies.  Despite these limitations, average N2O 
emissions measured in the control plots of the present study were much lower than those 
measured in moist tropical sites, but similar to fluxes measured in other wet tropical forests.  
This observation suggests that the response of N2O production to a given change in precipitation 
may be notably different, perhaps even in direction, in wet vs. dry-to-moist tropical forests.  In 
drier portions of the biome, increased rainfall may favor N2O production, reflecting the central 
importance of soil O2 levels.  By contrast, at the wet end of the spectrum, that relationship 
between precipitation and N2O production may be negative. Such a negative relationship is not 
only a possible outcome of an increased N2: N2O ratio in the wettest of systems (sensu Houlton 
et al. 2006), but may also reflect a dilution of labile C inputs to soils under wetter conditions 
(Fig. 4.4), and perhaps an increasingly conservative N cycle in wet lowland forests (e.g. Nardoto 
et al. 2008).  
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Collectively, these results highlight key uncertainties in our understanding of N cycling in 
lowland tropical forests, limiting our ability to predict their response to environmental change.  
First, these data challenge the common generalization that N-cycles in relative excess, at least in 
wet lowland tropical forests.  Second, despite an apparently conservative N-cycle in this wet site, 
the concentration of labile C inputs appears to be important in controlling rates of soil N2O 
efflux, and presumably denitrification.  Third, in contrast to work conducted in dry to mesic 
tropical rain forests (e.g., those found throughout much of the Amazon Basin), my results 
suggest that declines in precipitation in wet tropical forests may actually stimulate soil N2O 
production.  Given the near certainty of simultaneous changes in precipitation, soil C availability, 
and soil N inputs across much of the tropics over the coming decades, the work presented here 
highlights the need for prognostic models of N2O emission that can effectively capture the 
interactions among N, C, and redox-based controls over soil N2O production in a diversity of 
tropical forest types. 
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CHAPTER 5: CONCLUSIONS  
Initially, I explored species effects on ecosystem function by looking at soil responses to 
DOM extracts leached from leaf litter of six different canopy tree species.  In a series of 
laboratory incubations, described in Chapter 2.  I found that: i) the quantity of soluble C fluxes 
varies substantially by species; and ii) the chemical quality of these labile inputs to soils 
determines the ultimate fate of C in soils.  Notably, the relative amount of P and specific C 
chemistry were important controls over the fate of DOC inputs.  These results suggest that shifts 
in above ground species composition (discussed later) may also drive changes in below ground C 
cycling. 
 The observation of significant species variation in leaf litter solubility motivated 
additional fieldwork to investigate species-level variation in leaf litter decomposition.  
Decomposition studies are hardly novel in ecosystem ecology, but combined with a unique 
throughfall manipulation, the study presented in Chapter 3 provided new insights into biotic and 
abiotic controls over leaf litter decomposition in a wet tropical forest. In contrast to previous 
work in other wet tropical forests (Schuur 2001), I found that rates of litter decomposition were 
very rapid at my lowland study site, and that decreasing throughfall by as much as 50% also 
slowed rates of decomposition by approximately 20%.  Furthermore, I observed a 4-fold 
difference in litter decay rates from leaf litter of 12 co-occurring species at the study site.  Thus, 
biologically mediated variation in litter quality on rates litter decomposition were much stronger 
than abiotic / climatic influences.  As in Chapter 2, much of this species driven variation in litter 
decay rates was driven by differences in i) leaf litter solubility and ii) leaf litter nutrient 
availability, and especially P availability.  Cleveland and others (2006) hypothesized that heavy 
precipitation accelerates decomposition in wet tropical forests through leaching of DOM from 
the litter layer; results presented in Chapter 3 support this idea.  Moreover, halving throughfall 
77 
inputs had no effect on total delivery of DOC to surface soils, but significantly increased the 
concentration of those DOC inputs (Chapter 4, Cleveland et al. 2010).  This observation suggests 
that physical leaching of DOM may be a significant driver of litter mass loss that causes rapid 
decomposition in moist and wet tropical forests. 
Species variation in litter quality, solubility and nutrient content, drive significant variation in 
the rate of litter decomposition.  Notably, these same factors predict the ultimate fate of the 
DOM delivered to surface soils (Chapter 2).  While I did not exhaustively sample all species at 
the field site, fast growing tree species with low-density wood also tended to produce higher 
solubility, nutrient rich litter with significantly faster rates of decomposition (e.g. Schizolobium 
and Ceiba).  In contrast, slow growing species with high-density wood tended to produce low 
solubility, nutrient poor litter that exhibited slow decomposition rates (e.g. Qualea and 
Manilkara).  Recent studies from the Amazon predict repeated drought stress across the region 
will result in a shift in functional species assemblages towards these slower growing hardwoods 
(Phillips et al. 2009, 2010).  Results from my work suggest that climate driven shifts is 
functional species composition would cause concurrent declines leaf litter turnover and slow 
nutrient return to surface soils.  While our understanding of the effects of a changing climate on 
tropical forest function remains incomplete, these preliminary observations highlight how 
ecosystem processes (like decomposition) may be more strongly regulated by the indirect effects 
of climate—species composition interactions than direct effects of climate on ecosystem 
processes. 
 Early in my dissertation, much of the fieldwork taking place in Costa Rica focused on P-
limitation, litter decomposition, DOM fluxes to surface soils, and understanding the effects of 
reducing throughfall inputs to surface soils.  To compliment these activities I also became 
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interested in soil N cycling, and especially soil N2O production.  The throughfall manipulation 
described in Chapters 3 and 4 presented a unique opportunity to test the effects of experimental 
throughfall reduction on soil N2O emissions.  Initially, I hypothesized that reducing throughfall 
would increase soil aeration and decrease N2O emissions (as in Davidson et al. 2004).  Instead, I 
found that soil N2O production at my wet study site was lower than expected and that decreasing 
throughfall actually increased N2O emissions (Chapter 4).  Other important findings from this 
study included: ii) soil O2 availability was relatively high throughout the year; iii) soil NO3
-
 
pools and NO3
-
: NH4
+
 ratios were low; and iv) the concentration of DOC inputs to surface soils, 
combined with soil estimates of soil O2 availability, were significant predictors of soil N2O 
production—again highlighting the importance of DOM inputs to surface soil processes.  These 
observations helped secure funding for further investigations into patterns of N-cycling in wet 
tropical forests and suggest a more nuanced approach to our understanding of N cycling in 
tropical forests. 
Throughout my dissertation I present data showing the importance of DOM fluxes into 
surface soil processes such as litter decomposition, heterotrophic soil respiration, and soil N2O 
production.  Given interactions, both direct and indirect, between these soil processes, functional 
species assemblages, and climate it is appealing to speculate how a changing climate may alter 
the composition and function of lowland tropical forests.  The results presented in my 
dissertation and elsewhere (e.g. Townsend et al. 2008; Hedin et al. 2009), however, caution 
against broadly applying widely held assumption about how tropical forests are likely to respond 
to environmental change.  For example, preliminary work along precipitation gradients showed 
that increasing precipitation caused redox limitation of litter decomposition (Schuur 2001), 
resulting concurrent declines in productivity (Schuur 2003); work from wet lowland sites, 
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however, contradicts these findings (Chapter 3, Taylor and Wieder unpublished data).  Similarly, 
classical views of lowland tropical forests hold that N cycles in excess of biological demand 
(e.g., Vitousek 1984; Martinelli et al. 1999), although patterns emerging from the wet end of the 
biome challenge the broad applicability of this general assumption (Chapter 4; Nardoto et al. 
2008; Posada and Schuur 2011).  Collectively, these results suggest a more nuanced approach to 
our understanding of processes and likely responses to environmental change from one of the 
most productive, biogeochemically diverse ecosystems on earth.    
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